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Abstract
The objective of this dissertation was to construct core-shell colloidal particles
with a thermoplastic shell containing alkyne units for CuAAC; establish a method to
remove the thermoplastic shell for characterization; measure their optical and thermodynamic properties; and discover further applications with this particle morphology.
Recent trends have shown a re-emergence of research centered around colloidal particles
due to their usefulness in biological applications. Colloids around ca. 100 nm show good stability
when suspended in aqueous solutions and are not quickly removed by the body. Thus, particles
can be modified with fluorescent chromophores to act as biosensors or could be created to contain
therapeutic drugs and act as a vehicle for drug delivery. The possibility of colloids being used
as biological agents received a large boost with the classification of a series of reactions known as
click chemistry; specifically the Copper(I)-catalyzed Azide-Alkyne Cycloaddition (CuAAC). CuAAC
allowed for two materials to be covalently attached if one material contained an azide and the other
contained a terminal alkyne. The attractiveness of CuAAC for polymer colloids is due to the highyielding nature of the reation and that it could be carried out at mild conditions in aqueous solutions.
This affords an endless variety of functionalities that could incorporated to the surface of polymer
colloids with the only drawback being the inability to thoroughly characterize the success of CuAAC
reactions on the colloidal surface.
In this current project, ca. 130 nm core-shell particles with a thermoplastic shell are surfacefunctionalized with optically active moieties via CuAAC and used for the following applications:
(1) Seeded emulsion polymerization of a soluble shell with a controlled alkyne surface density:
A general methodology for producing ca. 100 nm core-shell colloidal particles in which the shell has
an elevated alkyne functionality and yet remains thermoplastic is presented. The availability of
accessible alkyne groups on the surface of the aqueous-phase particles allows for the in situ surface
ii

modification of the particles through a copper(I) catalyzed Huisgen 1,3-dipolar cycloaddition with
an azide-terminated surface agent. The core is an extensively crosslinked polymer which can be
easily removed by dispersing the particles in a solvent and centrifuging & collecting the cores,
leaving the solubilized shells. This allows for the complete characterization of the colloidal surface
reactions in the absence of the volumetrically dominant core. The technique is demonstrated with
a core-shell colloid composed of a 135 nm crosslinked polystyrene (PS) core coated with a ca. 10
nm thick uncrosslinked poly(methyl acrylate-co-propargyl acrylate) shell. Due to the applicability
of this technique for generating particles useful in biomedical imaging or drug delivery applications,
the core-shell particles are surface modified with a variety of azide-terminated poly(ethylene glycol)
(PEG) derivatives, including a poloxamer which was terminated on either end by an azide and a
naphthalimide chromophore. The resulting fluorescent particles had an absorbance at 413 nm and
peak emission at 525 nm. The PEG derivatives could be attached to the particles at a grafting
density of ca. 0.2-0.3 groups/nm2 .
(2) Click functionalization of thin films fabricated by roll-to-roll printing of thermoplastic/thermoset core-shell colloids: A general methodology for producing ca. 140 nm thermoplastic/thermoset, core-shell colloids that are used as an ink in roll-to-roll printing is demonstrated. The
printed films are subsequently modified through a dip-click approach using the copper(I)-catalyzed
azide-alkyne cycloaddition (CuAAC). The thermoplastic nature of the shell polymers in the particles allows the shell to delaminate when annealed above its glass transition temperature. This
results in a printed film that is more robust and functional as it combines the durability of the
thermoset core colloids and the flexibility of the thermoplastic shell polymers. The technique was
demonstrated using core-shell particles with a crosslinked polystyrene core and co-/terpolymer shell
that contained terminal alkynes for click functionalization. The core-shell particles were roll-to-roll
printed and then annealed at 100 o C to yield coalesced films. The printed films were dipped in a
solution containing an azide-modified fluorescein dye which resulted in the covalent attachment of
the dye to the thin films via CuAAC. When the click reaction was allowed to proceed for 24 hours, it
was found that ca. 67% of the total functionalization occurred in the first hour. Due to the efficiency
of this technique, the potential for large-scale production of printed films where an inline chemical
modification via CuAAC could be realized.
(3) Morphological dependent excimer emission of carbazole functionalized core-shell particles
with a thermoplastic shell: A general methodology to dequench carbazole excimer emission on the
iii

surface of core-shell colloids is demonstrated. Carbazole is known to self-quench due to excimer formation when carbazole molecules are present in a density wherein intramolecular overlapping is available. The mobility of the carbazole units and the proximity of neighboring carbazole units are key
factors to determine whether the low energy transfers will occur. The technique was demonstrated
using core-shell particles with a crosslinked poly(methyl methacrylate) core and a thermoplastic,
copolymer shell that contained terminal alkynes for click functionalization via copper(I)-catalyzed
azide-alkyne cycloaddition. The carbazole units were modified to contain an azide group in order
to covalently attach to the surface of the core-shell particles. The functionalized particles displayed
excimer formation even at low carbazole concentrations, due to the thermoplastic shell, which allowed enough freedom for neighboring carbazoles to overlap. The carbazole excimer emission was
dequenched by removing the thermoplastic shell from the particles as this freed the carbazoles from
the steric restrictions on the particle surface. These core-shell particles are an ideal match for biological sensors where the dissolution of the polymer shell would be indicated by the dequenching of
the chromophore as seen by photluminescence spectroscopy.
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Chapter 1

Introduction
1.1

Overview
Polymer colloids have been used commerically and in industry for the better part of the last

century and the methods of creating and characterizing these particles is well established. The last
fifteen years, however; have seen a dramatic shift in bringing colloidal particles back to the research
fold as more interdisciplinary studies formed. None were more influential than the establishment
of a series of organic reactions known as click chemistry which transformed the fields of chemical
and materials engineering. Of particular importance was the Copper(I)-catalyzed Azide-Alkyne
Cycloaddition (CuAAC) which allowed for any two substances to be covalently attached if they each
contained one of the required functional groups. CuAAC could be carried out at mild conditions
and in aqueous solutions, which made it an ideal partner for functionalizing polymer particles.
This afforded an endless variety of functionalities that could incorporated to the surface of polymer
colloids and could be selected based on the desired application.
The only drawback was the inability to thoroughly characterize the success of CuAAC reactions despite knowing that the modular and high-yielding nature of CuAAC left little guesswork
to whether it had worked or not. Most colloids are crosslinked when they are polymerized to create
robust particles with greater functionality in their desired application. This results in a suspension
that is unable to be significantly analyzed through established polymer characterization methods.
The development of CuAAC functionalized colloidal particles that can be characterized using common characterization techniques would greatly impact the ability to understand the effectiveness of
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CuAAC at functionalizing the surface of polymer colloids.
The objective of this dissertation was to construct core-shell colloidal particles
with a thermoplastic shell containing alkyne units for CuAAC; establish a method to
remove the thermoplastic shell for characterization; measure their optical and thermodynamic properties; and discover further applications with this particle morphology.
The intented outcome of this work was to build and characterize the core-shell particles,
however; a couple discoveries while working with the core-shell particles allowed the work to move
in slightly different directions. First, when dialyzing the core-shell particles as a method to clean
the suspesnions of surfactant and free monomer, it was found that the particles were agglomerating.
After further investigation, it was found that the thermoplastic shell had a low glass transition
temperature and was delaminating due to the warm water of the dialysis bath. This led to using
the core-shell particles as an ink in roll-to-roll printing where the printed colloids could be annealed
yielding a robust polymer film. Secondly, while characterizing core-shell particles that had been
clicked with a carbazole unit using photoluminescence (PL) spectroscopy, low energy excimer peaks
were seen even at very small carbazole loading. This was unexpected since excimers are a form of
charge transfer that requires two carabzole units to be in close proximity with each other and the
thermoplastic shell had a ratio of 50:1 polmer repat units for every carbazole. This led to further
invesitgating the phenomena inside the thermoplastic shell that allowed the excimers to form.
Despite these subsequent studies, the initial objective established for this dissertation was
still consistent with the conclusions of this research. The specific undertakings to accomplish the
objective of this dissertation included:
(1) the seeded emulsion polymerization of a soluble shell with a controlled alkyne surface
density (cf. Chapter 2); (2) the click functionalization of thin films fabricated by roll-to-roll printing
of thermoplastic/thermoset core-shell colloids (cf. Chapter 3); and (3) the morphological dependent excimer emission of carbazole functionalized core-shell particles with a thermoplastic shell (cf.
Chapter 4).
The following sections of the introduction provides a summary and the state-of-the-art
regarding these specific topics.

2

1.2
1.2.1

Motivation & state-of-the-art
Seeded emulsion polymerization of a soluble shell with a controlled
alkyne surface density

Emulsion polymerization and characterization of stable colloid dispersions.

Polymer

colloids are unique micro- or nanoparticles that have been synthetically produced in industry since
the early 1900’s. Polymer colloids are primarily formed through emulsion polymerization, a process
where a finitely water soluble monomer can be polymerized in an aqueous medium using an emulsifier
and initiator[1, 2, 3, 4, 5, 6, 7, 8]. Common monomers used in emulsion polymerization are styrene,
methyl methacrylate and acrylonitrile since monomers are required to be generally hydrophobic.
Emulsifiers are used to stabilize the oil-in-water mixture and keep the generated particles from
coagulating. Typical emulsifiers are ionic surfactants (e.g. sodium dodecyl sulfate (SDS)), non-ionic
surfactants (e.g. poloxamers) or protective colloids (e.g. polyvinyl alcohol (PVA)). The initiator
is selected based on the desired location of initiation; either in the aqueous phase (e.g. potassium
persulfate (KPS)) or within the oil phase (e.g. 2-2’-azobisisobutyronitrile (AIBN).
The primary advantage to emulsion polymerization over a standard free radical polymerization is that it generates higher molecular weight polymers in a shorter period of time. This
is due to the lack of termination by recombination since the initiator radicals are isolated within
the numerous, monomer-swollen polymer particles. The nucleation of the polymer particles occurs
quickly and typically follows the micelle nucleation model[1, 9, 10, 11, 12] (cf. Figure 1.1). When the
surfactant concentration is above the critical micelle concentration (CMC), the micelle nucleation
model suggests that nucleation occurs in two ways: micelles that contain small amounts of monomer
capture free radicals from the continuous aqueous phase and/or free radicals initiate polymerization
with monomer in the continuous aqueous phase which then propagate until they favor precipitating
and entering the micelles. Both processes regularly occur simultaneously and almost all nucleation
occurs at the start of emulsion polymerization resulting in a reasonably fixed number of growing
colloidal particles.
At this stage, the particles grow rapidly as the propagating polymer chains in monomerswollen micelles readily consume monomer. The consumed monomer is constantly replaced by
monomer in the aqueous phase that is maintained by large monomer droplets that act as reservoirs.
This process continues until the monomer droplets disappear and the polymerization rate slows as the
3

Figure 1.1: A schematic representation of the micelle nucleation model. (Image adapted from Ref. [2]; Reproduced
by permission of Elsevier (https://doi.org/10.1016/j.progpolymsci.2006.02.001).)

colloidal particles become monomer-starved. However, in the case of some vinyl monomers the rate of
polymerization can increase, due to the previously mentioned decrease in termination rate, resulting
in higher molecular weight polymers. This process is known as the gel effect[13, 14, 15, 16, 17]. The
final stage of emulsion polymerization involves the migration of residual monomer and initiator in
the aqueous phase to micelle stabilized colloids until exhasution or the polymerization is terminated.
The product of emulsion polymerization is a supension of colloidal particles that will have
properties based on the materials and parameters that were used. The monomers are selected based
on the desired application of the particles and there are several properties that must always be
considered during an emulsion polymerization: particle size and size distribution, surface charge
density and particle stability. Published work on emulsion polymerization includes characterization
of most, if not all, the above mentioned properties.
According to the Smith-Ewart theory, the number of colloidal particles formed during emul-
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sion polymerization is predominately controlled by the surfactant concentration[1]. A lower concentration of surfactant results in fewer, larger particles while a higher concentration results in many,
smaller particles. This also affects the particle size distirbution as it is primarily a statistical phenomenon and fewer particles will vary less in size than many particles. Of course, the surfactant
concentration is not the only factor that contributes to the particle size and distribution, but it is
generally accepted as being the most influential. Other factors include: the suspension shear rate,
the initial initiator concentration and the method and rate of monomer addition[2, 18, 19, 20].
Characterization of particle size and distribution can be performed using a variety of techniques, each with their own advantages and limitations[21]. In the Foulger group, the primary
methods for analyzing particle size were electron microscopy (EM) [22] and dynamic light scattering
(DLS) [23]. For colloidal samples, both scanning (SEM) and transmission (TEM) electron microscopes are commonly used. SEM involves scanning an electron beam over the surface of the particles
to produce an image; however, polymeric materials require a thin metallic coating to avoid charging the material and help reflect electrons. TEM, as the name suggests, involves the transmission
of an electron beam through a sample and an image is produced based on the interaction of the
material with the beam. Since this technique requires the electrons to pass through the sample, it
is limited to small particles or they will absorb too much of the electron beam to resolve a useful
image. Therefore, the two techniques produce different images since SEM will generate a profile of
the sample surface while TEM can differentiate internal materials of the sample if they sufficiently
vary from one another.
DLS, on the other hand, uses the Brownian motion of small particles in solution to generate
a scattered light pattern. The scattered light is measured periodically to create an autocorrelation
function (ACF) that can determine the movement of particles compared to its neighbors using
varying interference patterns caused by the scattered light[24]. As long as large ‘dust’ particles have
been removed from the suspensions and they are dilute enough to avoid collisions between particles,
the decay of the ACF is directly related to the diffusion coefficeint of the particles. Lastly, the
hydrodynamic radius (DH ) of the particles can be determined from the diffusion coefficient (D) by
using the Stokes-Einstein equation defined as

D=

kT
3πηDH
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(1.1)

where k = Boltzmann’s constant, T = absolute temperature and η = viscosity. The hydrodynamic radius differs from the particle size measured by EM in that it incorporates the entire
scattering species and is impacted by factors like the dispersing medium, charge density, surface
functionality and presence of other materials in the diffuse layer. The hydrodynamic radius is often
more useful than the hard particle size generated from EM since colloidal particles are primarily
used in applications as dispersed suspensions.
An advantage of using emulsion polymerization is that the final suspensions can be used
as is; as long as they are free of residual monomer. Therefore, the stability of the suspended
particles after the emulsion polymerization is complete is crucial. Emulsifiers are used during the
polymerization in order to avoid agglomeration of growing particles; however, they are generally not
desired for colloidal applications and are typically removed. Thus, the stability of the particles must
be achieved through other means and generally involve either steric[25, 26] or electrostatic[27, 28]
stabilization mechanisms. My research at Queen’s University, as an example, focused on sterically
stabilizing cellulose nanocrystals in organic solvents and relied on grafting from the cellulose surface
in order to disperse the nanocrystals[29, 30]. It is suggested that there is a synergy between the
steric and electrostatic stabilization of colloids, but that stable latex particles are extremely difficult
to generate using only steric stabilization[2]. Therefore, electrostatic stabilization is generally more
important in creating a stable latex.
The electrostatic stabilization of colloidal particles was described by Derjaguin and Landau[31]
and Verwey and Overbeek[32] in what is commonly known as the DLVO theory of colloid stability. According to the DLVO theory, colloidal stability arises from the competing Van der Waals
attractive forces and the Coulombic repulsive forces due to an electrical double layer (cf. Figure
1.2). The double layer consists of surface ions (Stern layer) and closely aligned counter-ions and
counter-charged solvent in the suspending medium (Diffuse layer). As two particles approach each
other, their double layers will begin to interact and electrostatic repulsion will drastically increase.
Increasing the charge density on the particle surface, therefore, will greatly enhance the electrostatic
repulsion and improve colloidal stability.
Controlling and/or increasing the surface charge density on colloidal particles during emulsion polymerization is typically achieved in one of two ways: residual initiator sulfates or ionic
monomers. Using a persulfate initiator during emulsion polymerization has shown to leave residual
initiator sulfates[34, 35, 36] that populate the surface and increase the charge density of colloidal par6

Figure 1.2:

A depiction of the electrical double layer and electric potentials that exist with a suspended colloidal particle.
(Image adapted from Ref.
[33]; Article has been published as open access
(https://doi.org/10.1098/rsta.2010.0175).)

ticles. Comparitively, ionic monomers can be added as a comonomer to emulsion polymerization in
order to increase the surface charge density. The Asher group pioneered work in crystalline colloidal
arrays (CCAs) using an ionic monomer, sodium 1- allyloxy-2-hydroxypropane sulfonate (COPS-1),
to enhance the long-range electrostatic repulsions of polystyrene (PS) colloids[37, 38]. The Foulger
group also utilized COPS-1 to increase surface charge density and electrostatic repulsions of colloids
when developing photonic bandgap composites[39, 40, 41, 42, 43, 44]. The use of COPS-1 to make
high surface charge density poly(propargyl acrylate) (PA) particles for use in CCAs[45] was one of
my initial projects when joining the Foulger group, and was my introduction to electrostatic repulsion of colloidal particles. An increased surface charge density can enhance the stability of a particle
suspension, which in turn, improves the applicability of the colloids.
The surface charge density (σ) for any colloidal suspension is given by

σ=
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q
A

(1.2)

where q is the total amount of electric charge and A is the total surface area of the suspension.
The particle diameter can be determined by EM and used to calculate the surface area of the
average colloid in the suspension as long as the particle density of the suspension is known. The
total amount of electric charge in a suspension is typically measured using potentiometric[46] and/or
conductometric[47] titration. Despite being an important measurement, the surface charge density
doesn’t explicitly describe the stability of the colloidal suspensions. Colloidal researchers often turn
to zeta-potential measurements using electrophoretic motion to best describe the stability of their
dsipersions.
The electronic double layer forms when particles acquire surface charge as they are suspended in a medium, which is accompanied by a counter-charge close to the particle surface. Due
to the differing charge between these two closely packed layers, an electric potential between the
bulk and the particle forms known as the zeta potential (ζ). The zeta potential forms at the shear
(slipping) plane where the bulk solvent is divided from the counter-charged solvent molecules close
to the particle surface (cf. Figure 1.2). The zeta-potential can be determined by measuring the electrophoretic mobility of the particles in an external electric field which forces the particles to travel
through the bulk solvent[48]. The electrophoretic mobility is a function of the zeta potential and is
impacted by the polarization of the electronic double layer which in turn is related to the size of the
elctronic double layer. The resulting zeta potential values will either be positive oe negative based
on the type of surface charge of the particles, and are often measured over a pH range to establish a
better understanding of the suspension stability in solutions of varying ionic strength. It is generally
accepted that stable suspensions have zeta potentials with an absolute value that is greater than 30
mV.
Combining both the surface charge density and zeta potentials for particle suspensions offers
the best understanding of the stability of the dispersed particles. Gan et al. used zeta potential analysis to monitor the modulation of the surface charge of chitosan-tripolyphosphate nanoparticles for
the delivery of gene or protein macromolecules[49]. Hasani et al. used zeta potential measurements
and conductometric titrations to monitor the switch from anionically stabilized cellulose nanocrystals to cationically stabilized cellulose nanocrystals[50]. Lundqvist et al. used zeta potential analysis
and surface charge density to monitor the stability of the formation of protein corona from human
plasma[51]. In the Foulger group, Han et al. created a conductive, core-shell ink for roll-to-roll
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printing comprised of polybutyl methacrylate (PBMA) core and a polyaniline shell[52]. The stability of the PBMA core particles before and after adding the polyaniline shell were monitored using
zeta potential analysis.
When I joined the Foulger group, my initial research focused on two tasks: creating colloidal
particles for use in organic light emitting devices (OLEDs) and the surface functionalization of
colloidal particles with chromophores for use in CCAs. It was immediately apparent that the size,
size distribution and stability of the colloidal suspensions was the most important factor in achieving
the end goal application. Without a stable, monodisperse suspension, the thin films created by the
particles for OLEDs would cause the device to fail. Also, functionalizing the surface of particles
could lead to the destablization of the latex, rendering it useless for CCAs since they require longe
range electrostatic repulsions. There was a need for a method to functionalize the surface of particles
that would require mild conditions in order to maintain the stability of the particle dispersion.

Surface functionalization of colloids using click chemistry.

The applicability of colloidal

suspensions is usually dependent on the type and concentration of functional groups on the particle
surface. The most straightforward way to incorporate functionality to the particle surface is by
utilizing a functional monomer during emulsion polymerization. The only limitation of this strategy
is that the functional monomer must be relatively insoluble in water for the polymerization to work.
This drawback hindered the ability to include diverse functionalities on the colloidal surface for the
better part of the late 20th century.
However, this changed early in the 21st century with the seminal work of Kolb, Finn and
Sharpless which brought to light a series of chemical reactions known as click chemistry[53]. The
general premise was to establish a group of reactions that must adhere to specific criteria; mainly
the reaction must[53]:
• be modular and wide in scope
• high-yielding, stereospecific and involve simple product isolation
• generate only inoffensive byproducts that can be removed by nonchromatographic methods
• use mild reaction conditions
• use readily available starting materials
9

• use no solvent, benign sovent (e.g. water) or a solvent that is easily removed
Sharpless identified two types of click reactions as being the most useful reactions they
had encoutered so far: nucleophilic opening of spring-loaded rings and cycloaddition reactions.
Click reactions utilizing the nucleophilic opening of spring-loaded rings focused on the reactions of
epoxides[54, 55] and aziridines[56, 57, 58, 59]. Click reactions involving cycloadditions were centerd
on the Diels-Alder[60, 61] and 1,3-dipolar cycloadditions[62, 63, 64].

Figure 1.3: A schematic representation of the 1,3-dipolar cycloaddition between azides and alkynes. When catalyzed
with Cu(I) the reaction is regioselective for the 1,4-disubstitued 1,2,3-triazole. (Image adapted from Ref. [65];
Reproduced by permission of John Wiley and Sons (http://dx.doi.org/10.1002/med.20107).)

In this diverse series of click reactions, none were more impactful to the research of colloidal
particles than the copper(I)-catalyzed azide-alkyne cycloaddition first developed by Husigen[66] (cf.
Figure 1.3). The reaction invovles the covalent attachment of terminal alkynes with azides to form
1,2,3-triazole rings. Huisgen’s original reaction however, did not meet the criteria to be classified
as a click reaction. It required heat and produced a mixture of both 1,4- and 1,5-disubstitued
triazoles which had to be separated using chromatography. Shortly after the release of the Sharpless
click chemistry article, Rostovtsev et al.[67] and Tornøe et al.[68] both autonomously discovered
that the Cu(I)-catalyzed version of the Huisgen 1,3-dipolcycloaddition meets all the criteria of a
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click reaction. Rostovovtsev was a graduate student in the Sharpless group at the time, which
leads me to believe that Sharpless was foreshadowing some of his future published work when he
suggested that the Huisgen 1,3-dipolar cycloaddition was the “cream of the crop” of click reactions.
The proliferation of research and review articles involving CuAAC proves he was right to make his
claim[65, 69, 70, 71, 72, 73, 74].
There are several key features of CuAAC that make it ideal for the surface functionalization
of colloidal particles:
• alkynes and azides can be readily integrated into small molecules, monomers or polymers
• can be perfomed in water at room temperature
• occurs rapidly, is high-yielding and requires minimal purification
• alkynes and azides are selective for each other, no side reactions
The modular aspect of CuAAC is by far the most attractive quality for the functionalization
of colloidal particles. By incorporating either alkynes or azides (usually alkynes) on the particle
surface, CuAAC can be used to attach any material that can be functionalized with the other group.
There were several researchers who were quick to take advantage of this chemistry and pioneered
synthetic strategies to creating highly functionalized particles for a variety of applications.
Colloboration between C.J. Hawker and K.L. Wooley led to research involving the functionalization of shell cross-linked nanoparticles using CuAAC by Joralemon et al.[75, 76] and O’Reilly
et al.[77, 78, 79, 80]. Similarly, the Caruso group were combining layer-by-layer assembly along with
CuAAC to create click capsules[81, 82, 83]. The modular nature of CuAAC did not limit the functionaliztion of polymeric particles, as research by Li et al. on single-walled carbon nanotubes[84] and
Binder on Fe2 O3 [85] and CdSe[86] inorganic particles each utilized CuAAC to modify the surface of
their particulate. CuAAC is still a mainstay for the surface functionalization of particles and current
research focuses on combining CuAAC with living free radical polymerization (LFRP) [87, 88, 89, 90],
molecular imprinted polymers (MIP) [91, 92, 93, 94] and biological applications[95, 96, 97, 98].
The Foulger group was also active in the early days of CuAAC. Evanoff et al. published
research on poly(propargyl acrylate) particles that were self-assembled into a CCA and functionalized
used CuAAC[45] (cf. Figure 1.4). Even with the 60 nm PA particles being arranged in a CCA and
stabilized in a hydrogel, we were able to use CuAAC to functionalize the particle surface and
11

Figure 1.4: a) Schematic of the synthetic approach for generating poly(propargyl acrylate) colloidal particles and
attaching 9-azidomethylanthracene to the surface of the spheres through copper(I)-catalyzed Huisgen 1,3-dipolar
cycloaddition between azides and terminal alkynes to form 1,2,3-triazoles. b) Procedure for generating dye-doped
colloidal crystal: array is formed from the self-assembly of electrostatically stabilized poly(propargyl acrylate)
spheres; array is encapsulated in poly(ethylene glycol)-based hydrogel; and 9-azidomethylanthracene is attached to
the surface of the spheres. (Image adapted from Ref. [45]; Reproduced by permission of John Wiley and Sons
(http://dx.doi.org/10.1002/adma.200602901).)

achieve loading levels of ca. 105 dye molecules per particle. This was a turning point for research
in the Foulger group as several projects were changed to incorporate CuAAC to aid in surface
functionalization of colloidal particles.
Rungta et al. used CuAAC to attach fluorescent moieties to surface of PA particles to
produce fluoroprobes with a large Stokes shift[99] (cf. Figure 1.5). Some of the moieties in the
study were unable to achieve extensive surface functionalization so β-cyclodextrin was added during
the CuAAC to augment the grafting density. The greatest limitation of our work with CuAAC
functionalized particles was the inability to completely characterize the surface chemistry we were
perfoming. Spectroscopic methods were sufficient to confirm the success of CuAAC reactions but
standard polymer characterization techniques were not pursued because the functionalized particles
12

Figure 1.5:

Poly(propargyl acrylate) (PA) particles and their surface modification with 9-(3-azidopropyl)9H-carbazole (AC), 2-[4-(azidomethyl)phenyl]-5-(1-naphthyl)-1,3,4-oxadiazole (AO), 7-[(2-azidoethyl)(ethyl)amino]-3(1,3-benzothiazol-2-yl)-2H-chromen-2-one (AD1), and 2-(23-azido-3,6,9,12,15,18,21-heptaoxatricos-1-yl)-6-piperidin1-yl-1H-benzo[de]isoquinoline-1,3(2H)-dione (AD2). Schematic of the inclusion complexation of AO within βcyclodextrin. (Image adapted from Ref. [99]; Reproduced by permission of the Royal Society of Chemistry
(http://dx.doi.org/10.1039/C0SM00470G).)

were crosslinked and rigid. My research was occurring concurrently to Dr. Rungta’s research and I
was actively pursuing a technique to completely characterize the colloidal surface reactions.
My proposal was to use a seeded emlusion polymerization, an established technique[100],
to create a removable polymer shell that has a controlled concentration of CuAAC capable units.
Using seed particles inhibits variability in the nucleation step and allows the particle size and polymerization rate can be controlled. Seeded emulsion polymerization is currently being used to develop a diverse array of particles including anisotropic particles[101, 102] and inorganic composite
particles[103, 104] to name a few. The ability to combine two different materials through separate and controllable processes affords individual particles that benefit from the properties of both
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original materials.
Sarobe and Forcada demonstrated that a seeded emulsion polymerization could be used to
populate the surface of polymer particles with chlorine groups by copolymerizing chloromethylstyrene
with styrene in the second (shell) polymerization step[105]. This same technique could be used to
incorporate alkyne units on the particle surface by copolymerizing propragyl acrylate in the second
polymerization. The concern would be to deter particle morphologies that are anomolous[106, 107,
108, 109] while avoiding additional nucleation (new particles) with the second polymerization. This
pursuit was the foundation for the research presented in this dissertation (Chapter 2) and was
published in Soft Matter in 2012[110].
Chapter 2 presents a detailed description of the design and synthesis of core-shell particles
where the shell has an elevated alkyne functionality and yet remains thermoplastic. The particles are
functionalized using CuAAC and the thermoplastic shell is removed which allows for the complete
characterization of the colloidal surface reactions in the absence of the volumetrically dominant core.

1.2.2

Click functionalization of thin films fabricated by roll-to-roll printing of thermoplastic/thermoset core-shell colloids
In the course of my dissertation research, a technique was developed by Zhang et al. to create

composite coatings from thermoset-thermoplastic hybrid, core-shell nanoparticles with improved film
hardness compared to analogous thermoplastic coatings[111]. The hybrid core-shell nanoparticles
were created using a miniemulsion strategy where epoxy curing (core) and free radical polymerization
(shell) were performed in a one-pot approach. The similarity of these nanoparticles to the core-shell
particles I had created and studied[110] was sufficient enough to warrant a look at the prospects of
making thin films of my particles.
The Foulger group has focused extensive research on thin films, in particular thin films
formed using printing techniques[112, 113, 114, 115]. Han et al. developed a conductive, colloidal
ink containing polyaniline-poly(butyl methacrylate) core-shell particles and employed a flexographic
roll-to-roll printing technique to create printed, thin film structures [112] (cf. Figure 1.6). Similarly,
Huebner et al. designed electroluminescent colloidal inks for flexographic roll-to-roll printing of
organic light emitting devices (OLEDs) [114] (cf. Figure 1.7). Both studies present a viable strategy
to print low-cost, large area electronics using roll-to-roll (R2R) printing technology.
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Figure 1.6: Scanning electron micrographs of: (a.) interdigitated test figure flexographically printed with conductive
ink composed of polyanilinepoly(butyl methacrylate) coreshell particles with line width of ca. 85 mm; (b.) morphology
of the coreshell particles within a printed zone; and (c.) interdigitated test figure with line width of ca. 40 µm.
(d.) Conductivity of printed ink composed of polyaniline-coated poly(butyl methacrylate) particles mixed with neat
poly(butyl methacrylate) particles. (Image adapted from Ref. [112]; Reproduced by permission of the Royal Society
of Chemistry (http://dx.doi.org/10.1039/B618343C).)

R2R printing incorporates a series of manufacturing techniques that relies on a flexible
substrate being transferred between two moving rolls in a continuous process. R2R printing technology has been used in the fabrication of flexible electronic devices[116, 117, 118], flexible solar
cells[119, 120, 121, 122], and flexible thin film batteries[123, 124] as well as many other devices.
The advantage of R2R printing is that it is an efficient, continuous process that has high throughput while still operating at a low cost. Another advantageous feature of R2R is it has been used
to create devices that are entirely comprised of organic and/or polymeric materials[118, 122, 125].
This provides an opportunity to print functional inks comprised of polymer colloids as long as the
particles are able to function like a traditional ink.
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Figure 1.7: Optical image of flexographically printed image on ITO-coated poly(ethylene terephthalate) sheet using
a G-derived colloidal ink. Printed zone illuminated with (a.) ambient laboratory light and (b.) 365 nm source. Line
widths presented in Postscript points (1 Postscript point 0.3528 mm). (Image adapted from Ref. [114]; Reproduced
by permission of the Royal Society of Chemistry (http://dx.doi.org/10.1039/B809450K).)

A functional ink can be described as any dispersion that has application-specific properties,
typically optoelectronic or chemical, that maintains the capacity to be printed like a traditional
ink. The trouble lies in merging these two conditions in a sufficient manner so that neither is
compromised. Functional inks made from polymer colloids are not comprised of the same materials
seen in traditional inks (solvent, pigments, binders, drying agents, adhesives and wetting agents)
but still need to be able to adhere to a substrate, wet a specific area, dry quickly and function in
their intended environment[115]. Again, the resemblence of the functional inks developed by Han et
al.[112] and Zhang et al.[111] to my core-shell particles[110] suggests that I should be able to R2R
print my core-shell particles as a functional ink.
Since the functionality of my core-shell particles is derived from the ability to undergo
CuAAC transformations, the modular character of CuAAC would allow for application-specific
functionalization of the ink prior to or post-printing. The ease and rapid nature of CuAAC could
potentially afford an inline R2R printing approach where printing and CuAAC functionalization
of the core-shell particles occur in subsequent, continuous processes. Most academic research uses
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Figure 1.8: Flowchart visualizing the inline fabrication of the flextrode substrate and the solar cell module finalization. Currently, the silver grid with highly conductive PEDOT:PSS layer, ZnO, and an active layer can be
processed inline at 10 m min−1 . The illustrated processes are flexo-printing (F), rotary-screen printing (RSP), slotdie coating (SD), and drying (D). (Image adapted from Ref. [126]; Reproduced by permission of John Wiley and Sons
(http://dx.doi.org/10.1002/ente.201200029).)

discrete printing processes in order to study and evaluate each step in R2R printing; however, the
end goal in commercial manufacturing would be to establish an inline printing technique.
The advantage of inline processing lies in the speed in which the different print and drying
processes can be achieved as well as the minimization of product handling. Hösel et al. demonstrated
a fast inline roll-to-roll printing of polymer solar cells where the deposition of the silver grid together
with highly conductive PEDOT:PSS layer, ZnO, and an active layer can be processed inline at 10
m min−1 [126] (cf. Figure 1.8). The order of each individual process would be designed in order to
maximize the processing speed knowing that the speed would ultimately be limited by the slowest
individual process on the line. Therefore, any surface chemistry that is going to be performed ‘inline’
needs to occur rapidly and dry quickly to avoid slowing down the entire process.
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Chapter 3 presents a detailed description of the R2R printing of thermoplastic/thermoset
core-shell particles that are annealed to afford robust thin films. The films were functionalized with an
azide-modified fluorescein dye using CuAAC in a rapid dip-click approach in the first demonstration
of using CuAAC to functionalize roll-to-roll printed polymer colloid films. The efficiency of this
technique shows potential for large-scale, inline production of printed films using CuAAC.

1.2.3

Morphological dependent excimer emission of carbazole functionalized core-shell particles with a thermoplastic shell
A continual research focus of the Foulger group is the fabrication of organic light emitting

devices[114, 127, 128, 129, 130, 131, 132]. Upon joining the Foulger group, my first project was to
work closely with Dr. Evanoff and Dr. Carroll in the synthesis and copolymerization of methacrylated monomers containing either a hole transporting unit (carbazole) or an electron transporting
unit (oxadiazole) for use in single-layer OLEDs[129]. Previous efforts using these moieties had focused on blends containing a carbazole homopolymer, poly(9-vinylcarbazole) (PVK), and an oxadiazole molecule such as 2-(4- tert-Butylphenyl)-5-(4-biphenylyl)-1,3,4-oxadiazole (PBD)[133, 134, 135].
However, these devices were prone to failure because the blends would phase separate and crystallize
when using large amounts of small molecule in a device[134]. To counter the problem of phase separation and crystallization, we copolymerized carbazole and oxadiazole containing monomers which
allowed us to include both moieties on a random copolymer.
It was during the study of the methacrylated carbazole (MMAK) monomer and it’s homopolymer (PMMAK) that an interesting trend emerged. When comparing the photoluminescence
(PL) of solutions of PMMAK and PVK in THF at similar concentrations, a significant distinction
between the two spectra is realized (cf. Figure 1.9). Substantial red tailing can be seen in the PVK
spectra which is symbolic of excimer emission; a low energy transfer that can occur when an excited chromophore interacts with a nearby ground state chromophore[136]. The same phenomenon
was not seen with PMMAK, as the PL spectra of the PMMAK homopolymer resembled that of its
MMAK monomer. The difference in the spectra was attributed to the proximity of the carbazole
moieties to the polymer backbone; PVK has the carbazole unit attached directly to the backbone
where PMMAK has two carbons separating the carbazole unit from the methacrylate backbone. The
excimers are able to form in PVK since the carbazole moieties are sterically confined to the polymer
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Figure 1.9: Photoluminescence spectra of tetrahydrofuran solutions containing (a) the monomers vinylcarbazole
(VK) () and MMAK (•) (inset presents structured region) and (b) polymer solutions of PVK () and PMMAK (•).
Solutions were at a concentration of 1.0 mg/mL; excitation wavelength of 315 nm. (Image adapted from Ref. [129];
Reproduced by permission of John Wiley and Sons (http://dx.doi.org/10.1002/pola.23065).)

backbone and affords the intramolecular overlap of neighboring carbazoles[137]. The carbazole moieties in PMMAK do not experience the same steric restrictions when dissolved in an organic solvent,
and thus the distance from the polymer backbone was theorized to inhibit excimer formation[138].
Carbazole continues to be studied in OLEDs[139, 140, 141] but has seen an extension into
several other applications including memory resistors or “memristors” [142, 143, 144, 145, 146]. A
memristor adjusts its conductivity based on its electrical history and consists of a polymeric layer
sandwiched between two electrodes that can be modulated by an electrical stimulation into OFF
(low conductivity) and ON (high conductivity) states[143]. Huebner et al. created a memristor
using a methacrylate terpolymer containing carbazole (MMAK) and oxadiazole moieties as well as
a monomeric Coumarin-6[143]. The terpolymer was developed into 57 nm particles using a miniemulsion technique and formed into a 100 nm polymer layer that was sandwiched between indium-tin
oxide and aluminum electrodes to create the memristor. During the course of this research, it was
proposed that performance of the memristor could improve if the length of the aliphatic spacer
between the carbazole and methacrylate was extended. The extended methacrylated carbazoles
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Figure 1.10: Photoluminescence (PL) spectra of 9-(3-azidopropyl)-9H-carbazole (AC) (red) and poly(propargyl
acrylate) (PA) particles surface modified with AC (blue); both systems in THF. Inset presents the PL spectra of
the monomer propargyl acrylate clicked to AC in a dilute and concentrated solution. Excitation energies at a wavelength of 290 nm. (Image adapted from Ref. [99]; Reproduced by permission of the Royal Society of Chemistry
(http://dx.doi.org/10.1039/C0SM00470G).)

would have a lower glass transition temperature and potentially allow for greater alignment and
charge transport. The investigation into this proposal was just recently published by McFarlane et
al. [146]; however, a portion of my dissertation studied the photophysical impacts of lengthening the
aliphatic spacer in methacrylated carbazoles and is presented in Chapter 4.
Rungta et al. attached an azide modified carbazole and oxadiazole on the surface of 83
nm PA particles using CuAAC to create fluoroprobes with a large Stokes shift[99]. The efficiency
of the click reaction, along with the addition of β-cyclodextrin, allowed the surface of the PA
particles to be functionalized with ca. 70k carbazole moieties per particle. The azide modified
carbazole contained three carbons that separated the carbazole unit from the 1,2,3-triazole that is
formed from the click reaction with the terminal alkyne from propargyl acrylate. This suggests that
the carbazole might not be sterically restricted to the PA backbone and would be unable to form
excimers when solubilized in an organic solvent. However, this is not the case, as the sheer density
of carbazole units on the particle surface afforded by CuAAC with β-cyclodextrin meant that intraand intermolecular overlapping with neighboring carbazoles was readily achievable (cf. Figure 1.10).
To determine whether the extended aliphatic spacer has any effect on excimer formation would
20

require a much lower concentration of carbazole units on the surface of the particles.
A bulk emulsion polymerization of propargyl acrylate is a great strategy for saturating the
surface of colloidal particles with available alkyne units for CuAAC. For a lower surface concentration
of terminal alkynes, a seeded emulsion polymerization can be used to control the desired amount
of propargyl acrylate in the shell of a core-shell particle[110]. With these core-shell particles, a
controlled experiment can be conducted to assess the impact of the aliphatic spacer in the azide
modified carbazole as well as the impact of carbazole density on the particle surface.
Chapter 4 presents a detailed description of a general methodology to dequench carbazole excimer emission on the surface of core-shell colloids. The functionalized particles displayed excimer
formation even at low carbazole concentrations due to the thermoplastic shell which allowed enough
freedom for neighboring carbazoles to overlap. The carbazole excimer emission was dequenched by
removing the thermoplastic shell from the particles as this freed the carbazoles from the steric restrictions of the particle surface.
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Chapter 2

Seeded emulsion polymerization of
a soluble shell with a controlled
alkyne surface density
2.1

Attributions
The synthesis of the azide modified materials were aided by Dr. Yuriy P. Bandera and Dr.

Volodymyr Tsyalkovskyy at Clemson University. The results presented in this chapter have been
published as Roeder et al., Colloidal templating: Seeded emulsion polymerization of a soluble shell
with a controlled alkyne surface density. Soft Matter, 2012. Content has been reproduced with
permission from Royal Society of Chemistry (http://dx.doi.org/10.1039/C2SM25070E).

2.2

Introduction
Colloidal particles, specifically particles with diameters of ca. 100 nm, have found a renewed

interest from the chemistry and materials science communities in the last decade due to the unique
properties these small particles can impart to a macroscopic bulk material. Though these particles
have been an ubiquitous component in a variety of commercial applications for many years, for example the paint industry[100, 147, 148], recent efforts with these particles have focused on extending
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their applications into drug delivery[149, 150, 151], functional colloidal inks[113, 114, 152, 153, 154],
and optical arrays[45, 155, 156], to name just a few, by exploiting their multifunctional capabilities. To this end, the surface functionalization of a colloid can result in a synergistic relationship
between the volume and surface regions of the particles. One of the most facile and tested routes
to producing large quantities of monodisperse particles is through an aqueous phase emulsion polymerization. Once the particles are synthesized, these particles can then undergo addition surface
modification in situ through Huisgen 1,3-dipolar cycloaddition if the particle’s surface and surfacemodifying agent are terminated with either an alkyne or azide to form an alkyne/azide pair (click
tranformation)[64, 157].
One of the simplest routes to forming a polymeric colloidal particle with surface-accessible
alkyne functionality is through the homopolymerization or copolymerization of propargyl acrylate
(PA) in a standard emulsion polymerization. Unfortunately, the use of even small amounts of PA
can result in crosslinked particles since PA is able to act as a bifunctional monomer in free radical
polymerizations[158, 159]. This is a disadvantage when the intended application of the colloid
requires the dissolution of the particle, not to mention preventing the use of traditional polymer
characterization tools (e.g., gel permeation chromatography).
To this end, we present a general methodology for producing ca. 100 nm core-shell colloidal
particles in which the shell has an elevated alkyne functionality and yet remains thermoplastic. A two
stage emulsion polymerization is presented that results in a core-shell particle with a thermoplastic
shell which can participate in click transformations with a suitably azide-modified surface ligand.
The core is an extensively crosslinked polymer which can be easily removed by dispersing the particles
in a solvent and centrifuging & collecting the cores, leaving the solubilized shells. Crosslinking during
the shell polymerization is avoided by balancing the amount of the bifunctional PA monomer against
the polymerization time and concentration of an incorporated chain transfer agent. The technique
is demonstrated with a core-shell colloid composed of a crosslinked polystyrene (PS) core coated
with an uncrosslinked poly(methyl acrylate-co-propargyl acrylate) shell. Due to the applicability of
this technique for generating particles useful in biomedical imaging or drug delivery applications,
the core-shell particles are surface modified with a variety of azide-terminated poly(ethylene glycol)
(PEG) derivatives[160, 161].
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O
H2 C

O
O

H2 C

(c) shell with grafted PEG

(d) shell removed from particles

CH3
CH

N3

O

O

O

CH3

n
O

n

Figure 2.1: Schematic for generating functionalized core-shell polymer colloids and removing shell: (a) crosslinked
polystyrene core is coated with an uncrosslinked poly(methyl acrylate-co-propargyl acrylate) shell (poly(MA-coPA) through an emulsion polymerization resulting in alkyne functionality on the particle surface (b); (c) azidefunctionalized poly(ethylene glycol) is attached to the particle shell through a click transformation via the terminal
alkynes on the shell; (d) the uncrosslinked polymer shell is removed through solvation in an appropriate solvent and
the core particles are removed through centrifugation. A chain transfer agent can be utilized at step (b) to control
the molecular weight of the shell.

2.3
2.3.1

Experimental
Reagents and solvents
Sodium bicarbonate (Acros), poly(ethylene glycol) 5,000 monomethyl ether (Fluka), sodium

sulfate anhydrous (Fisher), 4-(2-bromoethyl)benzenesulfonic acid sodium salt (TCI), and Aerosol
MA 80-I surfactant (Cytec) were used as received. Styrene (99%), divinylbenzene (80%), methyl
acrylate (99%) and propargyl acrylate (98%) were received from Aldrich and were passed through
a column of Alumina Basic (Fisher 60-325 Mesh) to remove inhibitor prior to use. The naphthalimide dye, 6-Piperidin-1-yl-benzo[de]isoquinoline-1,3-dione, was synthesized by previously published
methods[162]. All other materials were purchased from Aldrich and used as received. Tetrahydrofuran (HPLC grade) was purchased from Fisher Scientific and was dried using a Innovative
Technologies Inc. Pure Solv MD-2 solvent purification system prior to use. The water used in all
experimental procedures was deionized (18.2 MΩ·cm) using a Barnstead E-Pure pressure cartridge
system.

2.3.2

Chemical characterization methods
Infrared spectra was collected using a Thermo Nicolet Magna-IR 560 E.S.P. FTIR Spec-

trometer. Particle size was measured using a Coulter N4 Plus dynamic light scattering (DLS)
analyzer. Zeta potential measurements were taken with a Brookhaven Instruments Corporation
ZetaPlus Zeta Potential Analyzer. A Jobin-Yvon Fluorlog FL-3-22/Tau-3 spectrofluorometer was
utilized for photoluminescence spectroscopy. Molecular weights of the polymers (diluted to ca. 1
mg/mL in chloroform) were determined by GPC (chloroform at 1.0 ml/min), using a Waters 515
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pump, four 7.8x300mm Styragel columns (HR - 2, 3, 4, 6), a Waters 2414 refractive index detector
and a Waters 2487 tunable absorbance detector. Reported molecular weights are relative to narrow distribution polystyrene standards (Mw = 2,330 - 980,000). Differential Scanning Calorimetry
(DSC) measurements were taken with a TA Instruments DSC 2920 Modulated DSC using aluminum
pans. Thermogravimetric Analysis (TGA) was conducted with a Hi-res TGA 2950 Thermogravimetric Analyzer. Heating rates for both DSC and TGA analysis was 20 o C/min under a nitrogen
purge. Conductometric titrations were performed in a 75 mL conical flask using a Metrohm 765
Dosimat dispenser and a 703 Ti Stand. Conductivity measurements were taken with a YSI 3200
conductivity instrument with a YSI 3252 K= cm−1 probe.

2.3.3

Synthesis of polystyrene core particles
Highly crosslinked polystyrene (PS) seed particles were prepared using an emulsion polymer-

ization procedure. A standard emulsion apparatus was utilized where 0.3436 g of sodium bicarbonate
was added to 276 mL of deionized water and charged to a clean, dry 4-neck round bottom flask. This
solution was sparged with nitrogen while stirring at 250 rpm for 1 h. The solution was kept under
a nitrogen purge and 4.003 g of MA 80-I surfactant in 20 mL deionized water was added dropwise
to the solution and the solution was increased to 50 o C. A solution of 120 mL styrene and 5.1 mL
divinyl benzene (DVB) was added dropwise to the solution and the temperature of the solution was
increased to 70 o C. When the temperature stabilized, a solution of 1.626 g of potassium persulfate
(KPS) in 30 mL deionized water was added to the solution and the polymerization was allowed to
run for 3 h. The resulting particles were dialyzed against deionized water for ten days and the clean
particle diameter was measured using dynamic light scattering (DLS).

2.3.4

Synthesis of poly(methyl acrylate-co-propargyl acrylate) shell
Core-shell particles with PS cores and uncrosslinked poly(methyl acrylate-co-propargyl acry-

late) (poly(MA-co-PA)) shells were prepared using an emulsion polymerization procedure. A standard emulsion apparatus was utilized where 11.5 mg of sodium bicarbonate was added to 12.5 mL
of deionized water and charged to a clean, dry 3-neck round bottom flask. The solution was stirred
at 250 rpm and 15 mL of cleaned PS seed particle suspension was added dropwise. The solution was
sparged with nitrogen while continually stirring for 1 h. The nitrogen atmosphere was maintained
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and 33.5 mg of SDS in 3 mL deionized water was added dropwise to the solution and the temperature of the solution was increased to 30 o C. A solution of methyl acrylate (MA) and propargyl
acrylate (PA) (31.7 mmol total monomers) and 1-nonanethiol (1-NT)(chain transfer agent, 0.211
mmol (if used) was added dropwise to the solution. The solution was allowed to stir for 1 h in order
to promote the swelling of seed particles with monomer before the temperature of the solution was
increased to 70 o C. A solution of 30.5 g of potassium persulfate (KPS) in 3.5 mL deionized water was
added to the solution and the polymerization was allowed to run for 1.5 h. The resulting particles
were cleaned through sedimentation and serum replacement and the clean particle diameter was
measured using DLS.

2.3.5

Synthesis of polyethylene glycol 5k monomethyl ether azide (azPEG)
The synthesis of azPEG is described elsewhere[163]. Briefly, poly(ethylene glycol) monomethyl

ether (PEG-ME) of molecular weight 5,000 g/mol (20 g, 4 mmol) was dissolved in toluene and dried
by rotary evaporation (2x). The dry PEG-ME was dissolved in anhydrous pyridine (80 mL) and
a solution of methanesulfonyl chloride (0.77 mL, 10 mmol) dissolved in dichloromethane (DCM) (8
mL) was added dropwise at 0 o C. The solution was then brought to room temperature and stirred
overnight. The solvent was removed by rotary evaporation and a saturated aqueous Na2 CO3 solution was added to the residue. Extraction was carried out using DCM and the organic phase was
collected and dried over Na2 SO4 . The product was then precipitated in diethyl ether and dried
under vacuum to yield 19 g (95%) of PEG-monomesylate.

1

H NMR (300MHz, CDCl3 , TMS) δ

(ppm): 4.46 (m, 2H), 3.80 (m, 2H), 3.76-3.57 (m, 456H), 3.11 (s, 3H).
A mixture of PEG-monomesylate (19 g, 3.8 mmol) and sodium azide (0.62 g, 9.5 mmol) in
dry dimethylformamide (98 mL) was heated to 105 o C under a nitrogen atmosphere for 4 h. After
4 h, the heat was removed and the mixture was stirred at room temperature overnight. The salt
byproduct was filtered and the filtrate was concentrated by rotary evaporation. The polymer was
precipitated in diethyl ether, filtered and the filtered product was partitioned between DCM and
water. The organic phase was collected and dried over Na2 SO4 and then precipitated in diethyl
ether. The product was dried under vacuum to yield 12 g (70%) of dry PEG monomethyl ether
azide. 1 H NMR (300MHz, CDCl3 , TMS) δ (ppm): 3.79-3.60 (m, 458H), 3.38 (t, 2H).
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2.3.6

Synthesis of naphthalimide modified azido-pluronic (azPXD)
Methanesulfonation of pluronic (2) To a solution of F-68 Pluronic (1) (10 g, 1.2 mmol) and

triethylamine (150 mg, 0.2 ml) in dichloromethane (30 ml) was added a solution of methanesulfonyl
chloride (152 mg, 1.33 mmol) in dichloromethane (2 ml). The solution was stirred for two days at
room temperature before being quenched with water. The organic layer was separated and dried
over Na2 SO4 , then filtered and evaporated. The result was 10 g (1.19 mmol), with a yield of (99%).
1

H NMR (300MHz, CDCl3 , TMS) δ (ppm): 4.38 (m, 2H), 3.85-3.34 (m, 611H), 3.08 (s, 3H), 1.12

(m, 67H). The residue was used in the next step without further purification.
Synthesis of pluronic modified with a naphthalimide dye (3) A mixture of methanesulfonated
pluronic (2) (10 g, 1.2 mmol), 6-Piperidin-1-yl-benzo[de]isoquinoline-1,3-dione (384 mg, 1.37 mmol),
and potassium carbonate (409 mg, 2.96 mmol) in acetone (50ml) was stirred under reflux for 96 hours.
The mixture was filtered, evaporated, dissolved in dichloromethane and washed with water. The
organic layer was separated, dried over Na2 SO4 , filtered, and the solvent was removed by vacuum.
The result was 10.5 g (1.2 mmol) of product with a quantitative yield. 1 H NMR (300MHz, CDCl3 ,
TMS) δ (ppm): 8.79-8.30 (m, 3H), 7.60 (m, 1H, 8.3 Hz), 7.11 (d, 1H, 8.3 Hz), 3.85-3.34 (m, 611H),
3.25 (t, 4H), 1.83 (m, 4H), 1.69 (m, 2H), 1.12 (m, 67H).
Methanesulfonation with dye functionalized pluronic (4) To a solution of pluronic-dye (3) in
dichloromethane (40 ml) was added triethylamine (0.5 ml, 3.6 mmol) and methane sulfonyl chloride
(0.2 ml, 2.5 mmol). The mixture was stirred at room temperature for 19.5 hours before being washed
with water. The organic layer was separated, dried over Na2 SO4 , filtered and evaporated. The result
was 9.7 g of crystalline solid, with a yield of (95%).

1

H NMR (300MHz, CDCl3 , TMS) δ (ppm):

8.79-8.30 (m, 3H), 7.60 (m, 1H, 8.3 Hz), 7.11 (d, 1H, 8.3 Hz), 4.35 (m, 2H), 3.85-3.34 (m, 611H),
3.06 (s, 3H), 1.83 (m, 4H), 1.69 (m, 2H), 1.12 (m, 67H).
Azide modification of dye functionalized pluronic (5) To a stirred solution of methanesulfonated Pluronic-dye (4) in dimethylformamide (30 ml) was added sodium azide (340 mg, 5.23 mmol)
and the mixture was heated to 80o C for 5 hours. The mixture was extracted with dichloromethane
and washed with water. The organic layer was separated, dried over Na2 SO4 , filtered, and the
solvent was evaporated under reduced pressure. The residue was crystallized from diethyl ether,
filtered, and a 9.2 g (1.1 mmol) of light green solid was obtained, with a yield of (87%). 1 H NMR
(300MHz, CDCl3 , TMS) δ (ppm): 8.79-8.30 (m, 3H), 7.60 (m, 1H, 8.3 Hz), 7.11 (d, 1H, 8.3 Hz),
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3.85-3.34 (m, 611H), 3.20 (m, 2H), 1.83 (m, 4H), 1.69 (m, 2H), 1.12 (m, 67H).
Synthesis of 4-(2-Azidoethyl)benzenesulfonic acid sodium salt (azBSA) A mixture
of 3.45 g (12 mmol) of 4-(2-bromoethyl)benzenesulfonic acid sodium salt (98%) and 0.85 g (13.2
mmol) sodium azide in 17 ml dimethylformamide (DMF) was heated at 80 o C for 12 hours. The
solution was quenched with dichloromethane (DCM) and filtered. The white filtrate was washed
with DCM and dried in air. The product was obtained (4.19 g) as a mixture of NaBr salt and
4-(2-Azidoethyl)benzenesulfonic acid sodium salt and was used in further click reactions without
further purification. 1 H NMR (300MHz, DMSO, TMS) δ (ppm): 7.52 (d, 2H, 8.3 Hz), 7.22 (d, 2H,
8.3 Hz), 3.56 (t, 2H, 7.1 Hz), 2.84 (t, 2H, 7.1 Hz).

2.3.7

Click reactions with the core-shell colloids
The click reactions between azPEG and the core-shell particles is described elsewhere[163].

Briefly, 1 mL of core-shell particles (18.65 µmoles of alkyne based on feed) is added dropwise to a
stirring solution of 0.1865 mmoles of azide, 5.51 mg sodium ascorbate (27.98 µmoles) and 1.38 mg of
copper(II)sulfate pentahydrate (5.60 µmoles) in 6 mL of deionized water. The reaction was allowed
to run for 48 hours at which point it was diluted with 7 mL of deionized water and the diameter
of the particles was measured using DLS before the uncrosslinked polymer shell was removed for
further characterization. This recipe was used for all other click click reactions with the different
azide containing materials.

2.3.8

Removal of the polymer shell
The uncrosslinked polymer shell was removed from the highly cross-linked PS cores by

sedimenting the particles from the aqueous solution and re-suspending them in a solvent capable
of dissolving the shell. First, the core-shell particles were sedimented using a Beckman Model J221 Centrifuge at 15,000 RPM for 120 minutes. The supernatant was decanted, the particles were
re-suspended in deionized water and the process was repeated. After the second wash in deionized
water, the particles were left to dry in a vacuum oven at 60o C. When dry, the particles were resuspended in THF through sonication and mechanical agitation and subsequently, the uncrosslinked
polymer shell was removed from the core and dissolved. After mixing, the PS cores were sedimented
as described above and a small quantity of the supernatant was removed for further characterization.
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Table 2.1: Characteristics of neat core-shell particles with polystyrene core and poly(methyl acrylateco-propargyl acrylate) shell and after grafting azide-terminated polythelene glycol to the shell. Chain
transfer agent (CTA) was 1-nonanethiol. a nomenclature indicates 1 mol% PA and CTA in emulsion
polymerization b photon correlation spectroscopy derived diameter of core-shell particles c photon
correlation spectroscopy derived diameter of surface-modified core-shell particles
PA1%
PAa1%,CT A
PA3%
PA3%,CT A
PA5%
PA5%,CT A

2.4

PA(%)
1
1
3
3
5
5

CTA (mmol)
0
0.211
0
0.211
0
0.211

dbcs (nm)
149±16
152±15
154±17
159±25
164±24
156±26

shell Mw /Mn
16.8k/9.9k
17.6k/7.0k
21.8k/6.0k
13.4k/4.2k
crosslinked
31.5k/4.4k

dcsmcs (nm)
165±17
166±20
172±17
184±24
186±28
179±25

shell-peg Mw /Mn
38.8k/16.3k
27.8k/5.3k
84.9k/14.1k
91.3k/9.5k
crosslinked
305k/9.2k

Results & Discussion
Figure 2.1a presents a schematic of the procedure employed to synthesize core-shell particles

composed of a crosslinked polystyrene (PS) core with a thermoplastic poly(MA-co-PA) shell. The
PS cores exhibited dynamic light scattering (DLS) derived particle diameter of 135 ±12 nm (mean
and standard deviation) and were crosslinked through the addition of divinylbenezene (DVB) during
the emulsion polymerization in order to facilitate their removal from the final core-shell particles
after the shell had been surface modified. Prior to being employed as seed particles in a second
polymerization, the core particles underwent a thorough dialysis to remove surfactants, monomers,
and other small molecules present in the emulsion polymerization. In the second polymerization,
MA was copolymerized with small amounts of PA to form a thin shell (ca. 10 nm) around the core
particles. The role of this shell is to populate the surface of the particles with alkyne groups that
can undergo a click transformation. In addition, this shell should remain thermoplastic in order
to facilitate its removal from the particles after the click transformation. This latter requirement
can be challenging since the PA monomer has an alkyne group, as well as the vinyl group, that
can participate in the free radical emulsion polymerization, resulting in a crosslinked gel[164]. To
obviate this potential problem, the amount of PA was limited in the polymerization of the shell in
order to reduce the number of potential crosslinking points. In addition, the molecular weight of the
shell was minimized through the utilization of a chain transfer agent (CTA), 1-nonanethiol, in the
emulsion. The concentration of sodium dodecyl sulfate was limited to insure that no new particles
were generated in the second emulsion polymerization[165].
Table 2.1 presents the characteristics of the core-shell particles. The DLS measured diameter
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of the core-shell particles indicated a poly(MA-co-PA) shell thickness ranging from ca. 7 nm to ca.
15 nm. Figure 2.2a presents the differential scanning calorimetery (DSC) scans of the neat core and
core-shell particles after cleaning. The cores exhibit only one transition while the core-shell particles
exhibit two glass transition temperatures. The dominant transition occurs at ca. 117 o C and is the
glass transition of the polystyrene cores. A second and much weaker transition occurs at ca. 30 o C
and is attributed to the poly(MA-co-PA) shell. The homopolymer poly(MA) has a transition that
is reported to be ca. 8 o C but the inclusion of the PA coupled to the thinness of the shell both
tend to raise the threshold for mobility of the chains and the observed glass transition temperature.
Nonetheless, the shells which employed a CTA in their synthesis always exhibited a slightly lower
onset temperature (∆T ∼ 2 -3 o C) than their CTA-free counterparts. The shells were removed from
the particles by suspending & sonicating the coated particles in THF and collecting the crosslinked
cores through centrifugation. The lower glass transition was confirmed when the shells were removed
from the cores and their DSC scans indicated glass transitions of the shells which employed CTA
as being up to 10 o C lower than CTA-free shells. In addition, Figure 2.2b presents the thermal
gravimetric analysis (TGA) of the the neat core and core-shell particles. As expected, due to the
small amount of shells present on the cores, there are slight differences in the weight loss with
temperature profile of the core-shell particles relative to the neat cores. Nonetheless, the differences
are evident and even more discernible when the derivative of weight loss with temperature is analyzed
and two peaks are seen in the core-shell particles relative to the one peak in the neat core. In the
latter case, this indicates the degradation of two polymeric systems is occurring simultaneously.
Gel permeation chromatography (GPC) was performed on the removed shells and their
molecular weights are presented in Table 2.1. Shells that did not employ the CTA exhibited number
averaged molecular weights that range from 6k - 10k and have a polydispersity index (PDI) of 1.7
- 3.6. The shell that employed 5 mol% PA resulted in a fully crosslinked coating that could not
be easily removed from the cores. In contrast, the shells which employed the chain transfer agent
exhibited significantly lower number averaged molecular weights of 4.2k - 7k and broader PDIs of 2.5
- 5.3, both of which are desired results of the utilization of the CTA[166]. In addition, the shell which
employed 5 mol% PA and the CTA resulted in a thermoplastic coating that could be removed, unlike
its CTA-free counterpart at this PA loading. In addition, the shells were analyzed through FTIR
spectroscopy in order to verify the presence of pendant alkyne groups within the polymer. The scans
(presented in supplemental information) indicated that a clear alkyne signature at a wavenumber of
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Figure 2.2: Thermal analysis of neat polystyrene core particles and core-shell particles with poly(MA-co-PA) shell.
(a) Differential scanning calorimetry (DSC): The shell emulsion incorporated 1 mol% propargyl acrylate (PA1% and
PA1%,CT A ). Particles with shells that employ a chain transfer agent (CTA) are indicated. (b) Thermal gravimetric
analysis (TGA): neat core (—) and core-shell particle (◦). The shell emulsion incorporated 1 mol% propargyl acrylate
(PA1% ) and no CTA; shells which incorporated CTA had a similar profile. Heating rates for both DSC and TGA
analysis was 20 o C/min under nitrogen purge.

2125 cm−1 could be resolved in in all samples that utilized 2 mol% or more PA, while the signal in
1 mol% PA samples was within the noise level and difficult to discern. For the 5 mol% PA shells,
the utilization of a chain transfer in the synthesis of the shells allows the core-shell particles to have
an enhanced alkyne percentage and still maintain thermoplastic characteristics. This feature will be
important in achieving a high grafting density while maintaining shell solubility for post processing
and characterization.
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Figure 2.3: Gel permeation chromatography of (a) poly(MA-co-PA) polymer shell: neat (—) and with grafted
azPEG (◦) and (b) poly(MA-co-PA) polymer shell polymerized with chain transfer agent: neat (—) and with grafted
azPEG (◦). Mobile phase was chloroform and both shell polymerizations used 3 mol% PA in the feed.

2.4.1

PEG grafting to core-shell particles
Figure 2.1 presents a schematic of the procedure employed to attach azide-modified PEG

chains with ca. 113 repeat units and an average number molecular weight of 5,000 (azPEG) to the
surface of the core-shell particles through a copper(I) catalyzed alkyne/azide Huisgen 1,3-dipolar
cycloaddition (click transformation). The click reaction was performed in deionized water and was
allowed to run for 48 hours before the particles were cleaned through centrifugation and redispersement. After the surface modified core-shell particles were cleaned and redispersed in deionized
water, their diameters were assessed through DLS and are presented in Table 2.1. The grafting of
the PEG to the core-shell particles results in ca. 13 % increase in the observed particle diameters,
with an average increase in radius for the particles of 10 nm[167]. The azPEG have an approximate
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Figure 2.4: Gel permeation chromatography of (a) poly(MA-co-PA) polymer shell: neat (—) and with grafted
azPXD (◦) and (b) poly(MA-co-PA) polymer shell polymerized with chain transfer agent: neat (—) and with grafted
azPXD (◦). Absorbance monitored at a wavelength of 425 nm and both shell polymerizations used 1 mol% PA in the
feed.
end-to-end distance of 40 nm if they adopt an all trans conformation, so clearly the grafting density
is insufficient to sterically force all the azPEG chains into an extended conformation. Nonetheless,
the GPC data of the shells with grafted azPEG chains indicate a substantial increase in molecular
weight. Shells that did not employ the CTA with grafted azPEG chains exhibit number averaged
molecular weights that are 14k - 16k and polydispersity index (PDI) of 2.4 -6.0, while the shells which
employed the chain transfer agent exhibit significantly lower number averaged molecular weights of
5.3k - 9.5k and broader PDIs of 5.2 - 33.1.
Since both the shell particles and grafted azPEG have similar spectral absorbance characteristics, it was impossible to utilize a refractive index and absorbance detector on the GPC to
differentiate the eluting components. To remedy this, a poloxamer was terminated on one end by
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Table 2.2: Molecular weight of poly(MA-co-PA) shell after grafting azide-terminated poloxamer to
the shell. Chain transfer agent was 1-nonanethiol. Mobile phase of chloroform.
PA1%
PAa1%,CT A

Mw
43.2k
66.7k

Mn
9.7k
9.5k

PDI
4.46
7.03

an azide and on the other end by a fluorphore, specifically a naphthalimide, which has a peak
absorbance at ca. 413 nm (azPXD). Poloxamers are nonionic triblock copolymers composed of a
central hydrophobic chain of poly(propylene oxide) (PPG) flanked by two hydrophilic PEG chains.
In the present case, the PPG was 30 repeat units while the PEG chains were 75 repeat units each
giving an average molecular weight of ca. 8,350 g/mol. After grafting the modified poloxamer to
the core-shell particles, the resulting fluorescent particles had a peak absorbance at 413 nm and
peak emission at 525 nm. Figure 2.4 presents the GPC scans of the neat shells (with and without
CTA) and with a grafted poloxamer. The neat copolymer shell (without a CTA) eluting from the
columns has a distinct refractive index difference from the mobile chloroform phase as indicated by
a peak at ca. 32.5 min (cf. Figure 2.4a), though the corresponding absorbance scan indicates no
chromophore at the same elution period due to a lack of any intrinsic absorption at a wavelength of
425 nm for the neat shell. Grafting of the azPXD to the neat shell indicates an increase in molecular
weight and observed PDI (cf. Table 2.2), while the absorbance curve indicates that the naphthalimide chromophore has been successfully grafted to the shell by the appearance of a corresponding
absorption scan. A strong absorption is seen at an elution time of 39 minutes indicating that some
of the azPXD was physically absorbed onto the shell and not removed during the cleaning phase of
the particles prior to removing the shell. As indicated by Table 2.2, the grafting of the azPXD to
the shell results in an enhanced molecular weight and PDI relative to the CTA-free neat shell.

2.4.2

Grafting efficiency and stability of core-shell particles
The stability of the core-shell particles in solution is largely due to the Coulombic repulsion

between particles stemming from the residual initiator sulfate groups in the shell synthesis[34].
Conductometric titration (cf. Figure 2.5a) of the particles was performed on the neat core-shell
particles to establish the charge density of the particles. For both sets of particles that employed
CTA in the shell synthesis or were CTA-free, the charge density was similar at 0.45 - 0.48 µC/cm2
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Table 2.3: Charge density (µC/cm2 ) of: (1) neat core-shell particles with polystyrene core
and poly(methyl acrylate-co-propargyl acrylate) shell; (2) core-shell particles with grafted 4-(2azidoethyl)benzenesulfonic acid sodium salt (azBSA; and (3) core-shell particles with grafted azBSA
and azide-terminated polythelene glycol (azPEG). a nomenclature indicates 3 % v/v PA and chain
transfer agent (1-nonanethiol).
PA3%
PAa3%,CT A

core-shell
0.45
0.48

core-shell/azBSA
2.44
2.52

core-shell/azPEG/azBSA
0.60
0.60

(cf. Table 2.3). To assess the number of available alkyne sites on the surface of the particles, 4(2-azidoethyl)benzenesulfonic acid sodium salt (azBSA) was clicked to the surface of the core-shell
particles. This small, water soluble salt molecule is ideal for achieving a 100 % utilization of available
alkyne moieties and its strong acidic nature is helpful in identifying distinct titration endpoints[168]
(cf. Figure 2.5b). Grafting of azBSA to the core-shell particles results in a charge density 2.44 - 2.52
µC/cm2 (cf. Table 2.3) for the modified core-shell particles. Accounting for the residual sulfates
on the surface, this indicates that the shells have approximately 8,800 available alkynes on their
surface, regardless if CTA was employed in their synthesis, resulting in a maximum grafting density
of 0.12 groups/nm2 for the PA3% core-shell particles. Assuming that the number of available alkyne
sites scale with the PA content in the shell recipe, the 5 % PA recipe which was still a thermoplastic
when CTA was incorporated could achieve a grafting density of ca. 0.2 -0.3 groups/nm2 .
To assess the grafting efficiency of the azPEG to the shells, the azPEG was clicked to the
surface of the core-shell particles. The particles were cleaned of any unreacted azPEG, and then
employed in a subsequent click transformation with the azBSA. Conductometeric titration of the particles with both azPEG and azBSA indicate only a mild increase in particle charge density (cf. Table
2.3). The PEG chain does not have any ionic components and can not increase the observed charge
of the particles, so the slight increase in charge density observed in the core-shell/azPEG/azBSA
particles can only be attributed to the attachment of the azBSA. The slight increase suggest that the
azPEG has utilized ca. 90 % of the available alkyne sites on the core-shell particles for both shells
that did or did not employ a CTA. Clearly, by performing a two-stage click transformation whereby
the azBSA is allowed to sparingly populate the the surface of the particles, the charge density of a
surface modified particle can be controlled to alter the intrinsic stability of the colloidal dispersion.
The stability of the core-shell particles before and after being surface functionalized were
assessed through a ζ-potential analysis. A general rule is that a colloid is stable due to the mutual
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Figure 2.5: Conductometric titrations of core-shell particles with PA3% and which employed CTA (•) and were
CTA-free during shell polymerization (◦): (a.) neat core-shell particles; (b.) core-shell particles which have been
surface modified with azBSA; and (c.) core-shell particles which have been surface modified initially with azPEG,
then has undergone a subsequent surface modification with azBSA. Titrations were performed on 24 ml of latex with
particle density of 1.3x1013 particles/ml−1 ; see text for details.
electrostatic repulsion of the particles when the absolute value of the ζ-potential is greater than
30 mV. Figure 2.6 presents the ζ-potential of the neat core-shell particles (with and without the
use of CTA) and indicate a high level of stability at the pH values between 3 to 9, with the ζpotentials in this range of pH falling under -40 mV. The covalent addition of the azPEG shell to the
particles moderately decreases their stability as suggested by the drop in the absolute value of the
ζ-potential of the surface-modified core-shell particles. The modified particles exhibit ζ-potentials
falling between -10 mV and -30 mV in the pH range of 3 to 9, with the core-shell particles which
employed the CTA in the shell synthesis exhibiting a lower absolute ζ-potential for all pH values.
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Figure 2.6: ζ potential of neat core-shell particles (◦) and core-shell/azPEG particles (×). Shell polymerized with
(blue) and without (red) chain transfer agent. The samples used 1 mol% PA in the shell polymerization feed.

The reduction in absolute ζ-potential for the surface modified core-shell particles may be due
in part by the hydrophilic nature of the attached PEG which may participate in charge shielding and
reduce the mobility of the particles[169, 170]. The observed differences in the two grafted systems
when CTA was employed may be due to the packing of the shell when disposed in water with the
attached azPEG chains. Both surface-modified systems exhibit similar azPEG grafting densities (cf.
Table 2.3), but the inclusion of the CTA results in a shell that exhibits a slightly higher level of free
volume as suggested by the glass transition analysis. Long-term particle dynamic light scattering
studies indicated that the core-shell particles which employed CTA exhibit a higher propensity to
swell in water, especially when the surface of the core-shell particles had been surface modified with
azPEG. Its speculated that in the ζ-potential analysis the particles which employed CTA in the shell
synthesis are slightly more swollen than particles which did not employ CTA and the slipping plane
has been extended away from the particles, resulting in a lower absolute ζ-potential[171].
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2.5

Conclusion
A general methodology for producing core-shell colloidal particles in which the shell has

an elevated alkyne functionality and yet remains thermoplastic is demonstrated with a 135 nm
crosslinked polystyrene (PS) core coated with a ca. 10 nm thick uncrosslinked poly(methyl acrylateco-propargyl acrylate) shell. The core-shell particles are surface modified through a click transformation with a variety of azide-terminated poly(ethylene glycol) (PEG) derivatives, including a
fluorescent poloxamer, resulting in fluorescent particles with an absorbance at 413 nm and peak
emission at 525 nm. This technique for generating particles may find applicability in biomedical
imaging or drug delivery applications. The thermoplastic characteristics of the shell are important
for the subsequent removal and characterization of the shell, as well as applications that may require the delivery of a surface modified core-shell particle with release of the shell and its attached
components.
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Figure 2.7: Reaction scheme for the modification of F-68 pluronic with a naphthalimide (6-Piperidin-1-ylbenzo[de]isoquinoline-1,3-dione) and an azide.
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Figure 2.8: Nuclear Magnetic Resonance (NMR) spectra of intermediate steps and final product in the synthesis
of AzPXD.
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Figure 2.9: UV-Vis (dash) and photoluminescence (solid) spectroscopy of naphthalimide modified azido- pluronic
(azPXD). Absorbance spectrum was collected on a 5 µM solution of AzPXD in methanol, absorbance maximum at
414 nm. Photoluminescence spectrum was collected on a 20 µM solution of AzPXD in methanol, with excitation
wavelength at 404 nm and emission maximum at 525 nm.
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Figure 2.10: IR spectra of core and core-shell particles. The second spectra focuses on the alkyne peak at ca. 2130
cm-1, where only a peak for the shell polymerization that used a chain transfer agent is noticeable. Both polymer
shells used 1% propargyl acrylate in the shell polymerization.
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Chapter 3

Click functionalization of thin films
fabricated by roll-to-roll printing of
thermoplastic/thermoset core-shell
colloids
3.1

Attributions
The roll-to-roll printing of core-shell colloidal films were carried out by Dr. Christopher F.

Huebner in the Sonoco Institute of Packaging Design and Graphics at Clemson University. Scanning
electron micrographs on pre- and post-annealed printed films were collected with the aid of Dr.
Christopher F. Huebner at Clemson University. The results in this chapter are in preparation for
publication as Roeder et al., Click functionalization of thin films fabricated by roll-to-roll printing
of thermoplastic/thermoset core-shell colloids, 2018.
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3.2

Introduction
Roll-to-roll (R2R) printing is a well established technique used in traditional manufacturing

processes to create large quantities of commercial products at a relatively low cost. At the academic
level, R2R printing has been used successfully in the fabrication of small-scale devices but still falls
short in realizing large scale production[125]. Recent progress has been achieved primarily in the
R2R printing of organic electronics[172, 173] including photovoltaics[174, 175], transistors[176, 177],
memristors[178] and light-emitting diodes[179, 180]. In order to accommodate the transition from
benchtop printing to production on a larger scale, several milestones must be achieved.
First, the cost of producing printed thin films must be manageable. This is not specific to
just the materials that are being printed but also the energy required in the production, processing
and drying of the thin films. Secondly, the quality of the printed films can not deteriorate when
transferring to large scale production. Although this is not a common focus on the research level,
considerations for the variety of substrates that can be used and the speed at which commercial
manufacturers operate should be considered[181]. Lastly, scaling up the operation should not be
detrimental to the environment. The composition of the ink will dictate the impact that R2R
printing would have on the environment. An ideal ink would avoid the use of organic solvents and
focus on aqueous dispersions resulting in a greener process.
Emulsion polymerization is a radical polymerization process that allows for the polymerization of monomers into polymer particles dispersed in an aqueous media. These colloidal particles can
act as inks and have a smaller impact on the environment than mixtures involving organic solvents,
however; this comes with limitations. As an example, only monomers that are finitely soluble in the
continuous phase can be efficiently polymerized by emulsion polymerization which restricts the use
of monomers that are completely insoluble in water. Seeded emulsion polymerization is a variation
on a standard emulsion polymerization where a ”seed” particle is used as a template and a different
polymer can be synthesized on the outside of the seed particle. This method offers the opportunity
to tailor the particle by creating a functional shell that could modify the bulk properties of the
material. A system where the seed particle is thermoset and the shell polymers are thermoplastic
can create colloids that share the intrinsic properties of both types of polymers[110, 111].
An advantage to working with colloidal dispersions is the ability to use the copper(I)catalyzed azide-alkyne cycloaddition (CuAAC) which is a high yielding click reaction that can be
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(b) functionalization of particles
with azide modified fluorescein
in dip-bath

(a) printed ca.140 nm particles

Figure 3.1: Schematic of roll-to-roll printing of ca. 140 nm core-shell coidall particles into (a) semi-ordered domains
and (b) their in-line surface functionalization with an azide-modified fluorescein dye with a dip-bath.

performed in water. Click chemistry is a series of reactions that are modular, high yielding under
mild reaction conditions and require little to no purification[182]. Having either azides or alkynes
available on the surface of the particle affords covalent attachment sites to functionalize the particles
with a variety of materials. The use of CuAAC on polymer particles dispersed in water is well
documented[183] as it results in nearly quantitative yields even with high grafting density[45, 110],
however; it is also capable of covalently bonding insoluble materials such as thin films[184, 185].
Incorporating click capable groups into an printable ink would allow for functionalization to occur
before or after printing the particles into thin films.
In the current effort, a clickable, core-shell ink is used to create thin films by R2R printing.
The core-shell particles are created through a seeded emulsion polymerization using crosslinked
polystyrene (PS) particles as seeds covered in a thermoplastic shell consisting of varying amounts
of methyl acrylate (MA), styrene and propargyl acrylate (PA). Shell polymers containing higher
amounts of styrene than MA resulted in higher conversions and thicker shells with higher glass
transition temperatures (Tg ). The two-piece structure of the ink, a mechanically stable core with
a low (Tg ) shell, allows the printed particles to be annealed to form hard-packed, coalesced films.
With the inclusion of alkyne groups in the shell polymers from PA, printed films are functionalized
through CuAAC with fluorescent dyes by submersing the films in solutions containing the clickable
dyes and catalyst. This is the first demonstration of using CuAAC to post-functionalize a roll-toroll printed organic film. The reaction proceeds quickly, in fact, the majority of the dye attachment
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occurs in the first hour after the films are submerged. After 24 hours there was only a 33% increase
in click functionalization on the films compared to what was seen in the first hour. This novel
dip-click approach could improve the scalability of printing functional polymers by providing an
in-line pathway to both print and perform multiple functionalizations on thin polymer films in rapid
succession.

3.3
3.3.1

Experimental
Materials.
Aerosol MA 80-I surfactant was received from Cytec and used as received. Styrene (99%),

divinylbenzene (80%), methyl acrylate (99%) and propargyl acrylate (98%) were received from
Aldrich and passed through a column of Alumina Basic (Fisher 60-325 Mesh) to remove inhibitor
prior to use. All other materials were purchased from Aldrich and used as received. Tetrahydrofuran
(HPLC grade) was purchased from Fisher Scientific and was dried using a Innovative Technologies
Inc. Pure Solv MD-2 solvent purification system prior to use. The water used in all experimental
procedures was deionized (18.2 MΩ·cm) using a Barnstead NanoPure Diamond Analytical laboratory
water system.

3.3.2

Synthesis of polystyrene core particles.
Highly crosslinked polystyrene (PS) seed particles were prepared using an emulsion polymer-

ization procedure. A standard emulsion apparatus was utilized where 0.3440 g of sodium bicarbonate
was added to 275 mL of deionized water and charged to a clean, dry 4-neck round bottom flask.
This solution was bubbled with nitrogen while stirring at 250 rpm for 1 hour. The solution was kept
under a nitrogen purge and 4.0459 g of MA 80-I surfactant in 20 mL deionized water was added
dropwise to the solution and the solution was increased to 50o C. A solution of 120 mL styrene and
5.1 mL divinyl benzene (DVB) was added dropwise to the solution at a rate of 2 mL/min before
the temperature of the solution was increased to 70o C. When the temperature stabilized, a solution
of 1.6350 g of potassium persulfate (KPS) in 30 mL deionized water was added to the solution and
the polymerization was allowed to run for 3 hours (85% conversion). The resulting particles were
dialyzed against deionized water for a minimum of ten days and the clean particle diameter was
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measured using dynamic light scattering as seen in Table 3.1.

3.3.3

Synthesis of core-shell colloids with a thermoplastic shell.
Core-shell particles with PS cores and uncrosslinked polymer shells were prepared using a

previously established seeded emulsion polymerization procedure[110]. Briefly, a standard emulsion
apparatus was utilized where 6.0 mg of sodium bicarbonate was added to 6.5 mL of deionized water
and charged to a clean, dry 3-neck round bottom flask. The solution was stirred at 350 rpm and
7.5 mL of the dialyzed PS seed particle suspension was added dropwise. The solution was bubbled
with nitrogen while continually stirring for 1 hour. The nitrogen atmosphere was maintained and
17 mg of SDS in 1.5 mL deionized water was added dropwise to the solution and the temperature
of the solution was increased to 30o C. The solution of shell monomers (20.0 mmol total monomers)
and 1-nonanethiol (1-NT)(chain transfer agent, 0.5 mol%) that had been previously bubbled with
nitrogen was added dropwise to the solution. The various monomer mixtures can be seen in Table
3.1. The solution was allowed to stir for 1 hour in order to promote the swelling of seed particles
with monomer before the temperature of the solution was increased to 70o C. A solution of 16.0
mg of potassium persulfate (KPS) in 2.0 mL deionized water was added to the solution and the
polymerization was allowed to run for 2 hours.

3.3.4

Synthesis of azide modified fluorescein (FAz).
Fluorescein (0.8 g, 2.4 mmol), 1-azido-3-iodopropane (0.51 g, 2.4 mmol) and potassium

carbonate (0.33 g, 2.4 mmol) were mixed with dry DMF (15 mL) and stirred at 80o C for 14 hours.
After cooling, the mixture was quenched with water. Precipitated orange solid was filtered, washed
with water and dried to give 0.926 g of mix of isomers 2-[6-(3-azidopropoxy)-3-oxo-3H-xanthen-9yl]benzoic acid and 3-azidopropyl-2-(6-hydroxy-3-oxo-3H-xanthen-9-yl)benzoate with a ratio 2:1. 1 H
NMR (DMSO-d6) (mix of two compounds) δ 1.53 (m, 2H), 2.02 (m, 1H), 3.09 (t, 2H), 3.52 (t, 2H),
3.99 (t, 2H), 4.22 (t, 1H), 6.27 (d, 0.5H), 6.42 (d.d, 0.5H), 6.61 (m, 3.5H), 6.81-6.95 (m, 3H), 7.27
(m, 1H), 7.50 (m, 1H), 7.70-7.90 (m, 3H), 8.00 (m, 0.5H), 8.22 (m, 1H).

47

3.3.5

Roll-to-roll printing of the core-shell colloids.
Printing trials were performed on an RK Print K-Printing Proofer with a gravure head

and custom printing plate and Flexiproof 100 ink proofing machines. Flexographic print trials were
performed with an 18 billion cubic micron (BCM) anilox roll and custom, in-house made flexographic
printing plates (DuPont Cyrel DPR 67).

3.3.6

Click reactions with roll-to-roll printed thin films.
A solution of 40.0 mg of FAz (96.3 µmol) in 60 mL methanol was added dropwise to a solution

of 55.5 mg sodium ascorbate (0.280 mmol) and 13.8 mg of copper(II)sulfate pentahydrate (55.3 µmol)
in 60 mL deionized water while stirring. The click reactions were performed by submerging printed
films in the click reaction solution under gentle stirring at room temperature. Click-fucntionalized
printed films were cleaned by rinsing with 80 mL of methanol and then 80 mL of deionized water
until no FAz signature could be seen in the photoluminescence spectra of the wash solutions.

3.3.7

Characterization methods.
Conversion of the seeded emulsion polymerization was monitored gravimetrically accord-

ing to a previously established method[186]. Particle size was measured using a Coulter N4 Plus
dynamic light scattering (DLS) analyzer. Differential Scanning Calorimetry (DSC) measurements
were taken with a TA Instruments Discovery DSC using T Zero pans. Samples were analyzed using a heat/cool/heat cycle from 50 o C to 140 o C at a heating/cooling rate of 20 o C/min under a
nitrogen purge. Photoluminescence spectra were recorded on an Horiba Jobin-Yvon Fluorolog Tau
3-222 spectrofluorometer in steady state mode. Scanning electron micrographs were obtained with
a Hitachi S4800 FESEM at an accelerating voltage of 2 kV. 1 H NMR spectra were recorded on
JEOL ECX?300 spectrometers (300MHz). Chemical shifts for protons are reported in parts per
million downfield from tetramethylsilane and are referenced to residual protium in the NMR solvent
(DMSO-d6: δ 2.50 ppm).
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Figure 3.2: Scanning electron microscope (SEM) images of R2R printed Sty96 PA4 films (a.) before and (b.) after
being annealed for 4 hours at 100 o C. At this temperature, the thermoplastic shell delaminates from the crosslinked
PS seed particles resulting in a coalesced film.

Table 3.1: Composition (mol%) and glass transition temperature of (co)terpolymer shell coated onto
polystyrene particles. a percentage denotes actual shell polymer composition calculated by 1 H NMR
b
photon correlation spectroscopy derived diameter of core-shell particles; core particle was ca. 131
nm c taken at inflection point with 20 o C ramp per minute
ID
MA96 PA4
MA64 Sty32 PA4
MA32 Sty64 PA4
Sty96 PA4

3.4
3.4.1

MAa (%)
96.5
49.6
26.0
0

Stya (%)
0
47.1
70.0
95.0

PAa (%)
3.5
3.3
4.0
5.0

shell Tg c
1.8 o C
52.9 o C
69.4 o C
85.3 o C

dbcs (nm)
134±14
139±12
145±9
148±9

Results & Discussion
Synthesis of core-shell particles.
Seed polystyrene particles were synthesized and cleaned by dialysis to insure all surfactant

and monomer were removed. Since the secondary emulsion relies heavily on the concentration of
both monomer and surfactant, having a clean seed suspension allows greater control of the shell
polymerization. Dynamic light scattering indicated the seed particles had an average diameter of
131±15 nm. The secondary emulsions incorporated 4% of the terminal alkyne containing monomer,
propargyl acrylate, in a copolymer with either methyl acrylate or styrene as well as terpolymers
using all three monomers. The pendant alkyne bond allows the core-shell particles to be clickfunctionalized while the differing comonomers allow for the tuning of the glass transition of the shell
polymer. After completion of the emulsion, a portion of the suspension was taken to remove the
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thermoplastic shell for analysis. The seed particles and shell polymers were separated by mixing
the particles in tetrahydrofuran (THF) to solubilize the non-crosslinked shell and subsequent centrifugation was used to remove the PS seeds. The shell copolymers/terpolymers were cleaned via
precipitation in cold methanol and freeze dried to both dry and remove the thermal history of the
polymer before being analyzed. The reaction composition of the shells that were polymerized onto
the PS cores are presented in Table 3.1 as well as the final particle diameter and the shell’s glass
transition temperature. The designation of Sty96 PA4 indicates that the 131 nm PS core has been
over-coated with a polymer shell that had 96 mol% styrene (Sty) and 4 mol% propargyl acrylate
(PA) in the feed to the reaction; actual molar ratios are also presented. With these particles, the
inclusion of styrene in the reaction resulted in an increase in both the observed glass transition and
shell thickness for all compositions synthesized.
The core-shell particles with differing shell composition exhibited discrepancies in shell thickness as seen in the DLS data in Figure 3.3. The rate of monomer conversion for shell polymerizations
that contained more methyl acrylate than styrene decreased after 60 minutes which coincides with
the plateaus seen in the particle diameters. For reactions containing a higher ratio of styrene, the
rate of monomer conversion was fairly constant but the growth of the particle diameter slowed due
the large volume of polymer required to increase the thickness of the shell. Increasing the styrene in
the reaction compositions (relative to methyl acrylate) resulted in larger shell thicknesses (7-8 nm).
Methyl acrylate is fairly water soluble (6 wt.% at 20 o C) as compared to other monomers that are
typically emulsion polymerized. Monomers with minimal solubility in water perform better during
emulsion polymerization since the monomer must vacate the monomer droplet into the continuous
phase and be quickly consumed by the growing polymer particles formed in empty micelles[187, 188].
Thus, the increased solubility of methyl acrylate in the aqueous phase decreases the rate in which
monomers are leaving the droplets to participate in polymerization. In addition, poly(methyl acrylate) (PMA) has a higher density than PS. This means PMA chains can pack tighter in the shell
layer which can lead to smaller particle diameters relative to PS shells synthesized under the same
conditions. Finally, acrylates are well known to backbite during radical polymerization[189] leading
to intermolecular termination. This may lead to a lower conversion of polymer and thinner shell
thicknesses. This correlation is evident when comparing the conversion and DLS data in Figure 3.3
during the second half of the polymerization.
To determine the composition of the shell polymers, the shells were removed from the core50

Figure 3.3: In situ monitoring of shell polymer growth for MA96 PA4 (), MA64 Sty32 PA4 (), MA32 Sty64 PA4
(•) and Sty96 PA4 (◦) by (a.) dynamic light scattering and (b.) monomer conversion. Errors bars in the DLS data
represent the standard deviation of the average particle diameter for ten measurements for each aliquot removed from
the polymerization. Particle diameter at time = 0 is represented by the seed particle.

shell particles and analyzed. 1 H NMR spectroscopy was used to quantitatively assess the amount of
each repeat unit in the polymer by focusing on specific peaks that were unique to each monomer.
After integrating the specific monomer peaks and comparing them to their theoretical ratios, it was
confirmed that the amount of methyl acrylate in the shell terpolymers was lower than the feed ratios
due to the previously stated arguments. In addition, PA copolymerizes in higher ratios with styrene
than it does with MA during the secondary shell emulsion polymerization (cf. Table 3.1).
Although MA was limited in its inclusion into the shell polymer, it was selected as the
shell comonomer because its Tg is below room temperature. The Tg for shell polymers should be
tuned based on the ratio of styrene (PSTg = 100 o C) to methyl acrylate (PMATg = 10 o C) that was
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incorporated into the shell’s composition. Table 3.1 presents the glass transition temperature of the
shells and indicates that the relative ratio of the Sty to MA monomer influences this temperature,
though the presence of PA complicates the prediction of the Tg based only on the Sty/MA ratio.

3.4.2

Roll-to-roll printing of core-shell particles.
As an initial suitability study, a thin film assessment was performed on the various core-

shell particles using spin-coated films. Although not directly comparable to the printed films, the
spin-coated films offered examples of how the different particles form films before and after annealing
the samples. The Sty96 PA4 particles again showed the most promise creating uniform films which
displayed small areas of order when compared to the other core-shell systems. The Sty96 PA4 particles
had the desired properties to use for R2R printing: higher PA content in shell, higher shell Tg and
the best monodispersity.
R2R printing was performed on a proofer with a gravure head and custom flexographic
printing plates. The particles were printed on polyethylene terephthalate (PET) substrate since PET
is commonly used for R2R printed thin films due to it’s transparency, tensile strength, resistance to
temperatures needed for annealing, flexibility and low cost[116, 120, 122, 190, 191]. The printed thin
films were square in shape, required little material to create and were printed at a rate of 70 meters
per second. A small, circular mark in each film can be seen due to the pressure of the printing plate
and the substrate when they separate. This is a common issue with aqueous inks, one that is often
inherent to small ink proofing machines but easily alleviated on larger printing presses. Printed
samples were allowed to air dry prior to further testing or being annealed.
Scanning electron microscope (SEM) images of the Sty96 PA4 R2R printed films can be seen
in Figure 3.4. The variation in the thin films is apparent: film thickness ranged from mono-layers to
multi-layers, density of the particles and/or coverage of the substrate, and small, periodic ordering
of the dried particles. The monodispersity of the particles is evident and it allowed the particles to
dry into well-formed films. The mono-layer can be attributed to the pressure that occurs between
the printing plate and the PET substrate causing only a small transfer of ink. The opposite occurs
when the two separate leaving behind a smaller, mutli-layered area. When a single or double layer
was apparent, small pockets of hexagonal close packing (HCP) is seen. Where multi-layers could be
seen, there appeared to be more ordering and some occasional square close packing (SCP) could be
identified. This ordering was responsible for the slight, blue iridescence seen in the printed films.
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Figure 3.4: Scanning electron microscope (SEM) images of (a.) R2R printed Sty96 PA4 monolayers and (b.) bilayers
as well as small pockets of order in (c.) thin layers and (d.) multi-layered films. The thickness of the thin films were
affected by pressure between the printing plate and PET substrate.

After inspecting the printed films, they were subjected to an annealing process to delaminate
the thermoplastic cores giving rise to a coalesced film as seen in Figure 3.2. The printed films were
allowed to anneal for 4 hours in an oven at 100 o C, which is approximately 10 o C higher than the
measured Tg for the Sty96 PA4 particle shells. The image before annealing resembles the previous
figure where the particles appear homogenous unlike the post-annealing image where the particles
look deformed and have grouped together. The annealing causes two specific events to occur: first,
the flow of the shell polymers allows them to delaminate forming a thin film of shell polymers and
secondly, the fluidity of the system allows the particles to aggregate and becomes more stable. The
combination of both thermoplastic polymer shells and thermoset particles in a printable ink allows
the printed films to be annealed to form a more durable film.
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3.4.3

Click functionalization of printed polymer thin films.
The R2R printed films were subjected to click reactions in order to chemically, post-modify

the films. With the modularity of CuAAC reactions, the functionalization of the ink could be done
pre- or post-printing by using homogenous solutions or heterogenous mixtures. The conditions for
the click reaction can and should be selected based on the functionality required for the application
of the films. In the current effort, a proof of concept approach was taken to attach an azidefunctionalized fluorescein dye (FAz) to the R2R printed films by submersing or ’dipping’ the films in
a click solution. Since CuAAC reactions occur rapidly, this method could be used as a post-treatment
to printed films to tailor their properties in close conjunction with the printing process.
The Sty96 PA4 films were selected as the click subjects due to their film quality and higher
PA content (ca. 5%). The progress of the CuAAC was monitored over a 24h period in which sample
films were measured by photoluminescence (PL) to confirm the attachment of the FAz as seen in
Figure 3.5. Background from the PET substrate was measured and removed from the spectra of
the FAz-functionalized films. A blank film was also measured where the PL spectra of the Sty96 PA4
film on the PET substrate was measured and is listed as 0 hours.

(a)

(c)

(b)

(d)

Figure 3.5: Photoluminescence (PL) spectroscopy of the functionalization of R2R printed Sty96 PA4 films with FAz
using CuAAC after (a.) 0, (b.) 1, (c.) 6 and (d.) 24 hours. Nearly 67% of the click attachments occurred within the
first one hour of the 24 hour experiment. The spectra were collected at a right angle from the film surface; excitation
wavelength of 460 nm.

The other corresponding spectra represent samples that were removed from the click reaction
and cleaned at 1, 6 and 24 hours respectively. Films were first rinsed in methanol and then water
before being blotted dry. The process was continued until the methanol wash solutions no longer
indicated the removal of FAz from the films using PL (not presented). A significant portion of
chromophore attachment is seen within the first hour of the click reaction when compared to the
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24 hour reaction period. Approximately 67% of available alkynes that underwent CuAAC over the
24 hour period occurred within the first hour of the reaction. On the other hand, only a slight
increase in dye attachment is seen in 6 hours of reaction time compared to the 1 hour film. The PL
spectra were taken in immediate succession under the exact same instrument parameters in order
to minimize any sampling errors that would have occurred.
The spectra from Figure 3.5 indicates the rapid, covalent attachment of FAz to the thin
organic films demonstrating the utility of CuAAC as an in-line method to post-functionalize R2R
printed films. The strength of the triazole allows the printed films to be rigorously cleaned and
subjected to further processes and/or functionalizations. Due to the modular nature of CuAAC,
there is no limit to how these films can be modified and their applications.

3.5

Conclusions
A novel method to produce a thermoplastic/thermoset ink that is roll-to-roll printed and

subsequently modified through a dip-click approach was demonstrated. The ink is comprised of coreshell particles that have a thermoplastic shell that is delaminated by annealing the samples above
the glass transition temperature of the shell. Since the core particles are crosslinked polystyrene,
the coalesced film formed from annealing is more robust since it shares both the properties of
thermoplastic and thermosetting polymers. The shell polymers contained small amounts of alkyne
groups that were using to post-functionalize the printed films using copper(I)-catalyzed azide-alkyne
cycloaddition. An azide-modifed fluorescein dye was covalently bonded to the films and the rate
of attachment was monitored using photoluminescence spectroscopy. It was found that over a 24
hour reaction period that ca. 67% of the total functionalziation occurred in the first hour. This
procedure shows promise in large-scale production where an in-line chemical modification path could
be realized.

3.6

Acknowledgements.
The authors thank DARPA (Grant Number: N66001-04-1-8933), the National Science Foun-

dation through a CAREER award (Grant No. DMR-0236692) (SHF) and the Gregg-Graniteville
Foundation for financial support. The authors also thank Sheridan College for providing funding to

55

complete this research.

3.7

Supplementary Information

Figure 3.6: Reaction scheme for the modification of fluorescein with an azide.
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Figure 3.7: Nuclear Magnetic Resonance (NMR) spectra for the determination of the mol% of each monomer in
the shell polymers after being removed from the crosslinked PS cores.
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Figure 3.8: Images of the clean, core-shell particle suspensions from left to right: MA96 PA4 , MA64 Sty32 PA4 ,
MA32 Sty64 PA4 , and Sty96 PA4 . The Sty96 PA4 suspensions show opalescence indicating an ordering of the particles
due their electrostatic repulsions and stability. The Sty96 PA4 particles printed the best films, had higher PA content
in the shell, higher shell Tg and the best monodispersity.
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Figure 3.9: R2R printed thin films of Sty96 PA4 particles on PET post-functionalization with FAz via CuAAC at:
0, 1, 6 and 24 hours.
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Chapter 4

Morphological dependent excimer
emission of carbazole
functionalized core-shell particles
with a thermoplastic shell
4.1

Attributions
The synthesis of the azide modified carbazole and the methacrylated carbazole monomers

was conducted by Dr. Yuriy P. Bandera at Clemson University. The polymerization and photoluminescence spectroscopy of the methacrylated carbazole homopolymers was conducted by Dr.
Parul Rungta at Clemson University. The results in this chapter are in preparation for publication
as Roeder et al., Morphological dependent excimer emission of carbazole functionalized core-shell
particles with a thermoplastic shell, 2018.
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4.2

Introduction
The ability to tailor the surface of sub-micron particles has been studied extensively over

the past several decades. The diverse functionalities that can be introduced to the particle surface
have broadened the application of various colloidal systems from traditional paint technologies[100,
147, 148] to a wide variety of applications. One new focus in colloidal research is optically activating the particle surface to utilize them as biological sensors[192, 193]. With a stable colloidal
suspension in which the particle functionality and morphology is well characterized and understood,
the optical properties of surface attached moieties may be observed. This is particularly important when functionalizing particle surfaces with fluoroscent chromophores since they are prone to
quenching[194, 195, 196, 197].
Carbazole is an aromatic compound that continues to be studied since its photophysical
properties and fluorescence signature are well established[137, 198]. Carbazole containing materials
are used in electrochemical devices due to its hole injection capability[129, 130, 199] and its most
common polymer N-poly(vinyl carbazole) (PVK) is used in industry as both a dielectric material
and a photoconductor. Carbazole is known to self-quench due to excimer formation that can occur
when one carbazole unit can partially or completely align with another carbazole unit in close
proximity[200, 201]. Excimer formation and the accompanying low energy transfer can occur when
carbazole molecules present in a density wherein intramolecular alignment and/or overlapping is
available, particulary when carbazole molecules are not hindered by steric restrictions. Interestingly,
excimer formation can be observed when carbazole molecules are attached to a polymer backbone
and suspended in a dilute solution. The determining factor then becomes how many carbazole
molecules can be incorporated along the poylmer backbone and remain dilute enough to avoid
excimer formation.
Herein, a methodology is developed to control the photoluminescent response from colloidal
particles functionalized with carbazole molecules. A core-shell particle morphology was selected
so that the surface functionality can be precisely managed in a two-step emulsion polymerization.
The shell polymerization contains terminal alkynes that can be further functionalized via copper(I)catalyzed azide alkyne cycloaddition (CuAAC). The amount of alkyne containing monomer is limited
in order to reduce the grafting density of carbazole to minimize intramolecular excimer formation.
Thus, the majority of dimer emission seen from the particles are due to the overlap of carbazole
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rings on different polymers at the colloidal surface.
In the current effort, the synthesis of core-shell particles consisting of a highly crosslinked
poly(methyl methacrylate) (PMMA) core with a termoplastic shell containing varying amounts of
propargyl acrylate (PA) copolymerized with methyl acrylate (MA) is described. The core-shell
particles were subsequently functionalized with an azide modified carbazole (AC) small molecule via
CuAAC. Photoluminescence (PL) of the core-shell particles revealed significant excimer formation
attributed to morphological restrictions of the carbazole untis embedded in the shell, however; when
the shell is removed from the particles the carbazole excimer emission is dequenched. This suggests
that the carbazole units were too dilute on the polymer backbone to produce excimers in solution
but are not dilute enough to avoid quenching when restricted to the shell of a core-shell particle.
The controllable particle design and optical surface functionality could lead to further application
in fluorescent sensor applications.

4.3
4.3.1

Experimental
Materials.
Methyl methacrylate (99%), divinylbenzene (80%), methyl acrylate (99%) and propargyl

acrylate (98%) were received from Aldrich and were passed through a column of Alumina Basic
(Fisher 60-325 Mesh) to remove inhibitor prior to use. All other materials were purchased from
Aldrich and used as received. Tetrahydrofuran (HPLC grade) was purchased from Fisher Scientific
and was dried using a Innovative Technologies Inc. Pure Solv MD-2 solvent purification system
prior to use. The water used in all experimental procedures was deionized (18.2 MΩ·cm) using a
Barnstead E-Pure pressure cartridge system.

4.3.2

Synthesis of PMMA seed particles.
Highly crosslinked polystyrene (PMMA) seed particles were prepared using an emulsion

polymerization procedure. A standard emulsion apparatus was utilized where 0.3406 g of sodium
bicarbonate was added to 275 mL of deionized water and charged to a clean, dry 4-neck round
bottom flask. This solution was bubbled with nitrogen while stirring at 250 rpm for 1 hour. The
solution was kept under a nitrogen purge and 0.7511 g of sodium dodecyl sulfate (SDS) in 20 mL
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deionized water was added dropwise to the solution and the solution was increased to 50o C. A
solution of 120 mL methyl methacrylate and 5.1 mL divinyl benzene (DVB) was added dropwise to
the solution at a rate of 2 mL/min before the temperature of the solution was increased to 70o C.
When the temperature stabilized, a solution of 1.5301 g of potassium persulfate (KPS) in 30 mL
deionized water was added to the solution and the polymerization was allowed to run for 3 hours
(85% conversion). The resulting particles were dialyzed against deionized water for a minimum of
ten days and the clean particle diameter was measured using dynamic light scattering (DLS).

4.3.3

Synthesis of core-shell colloids with a MA-co-PA shell.
Core-shell particles with PMMA cores and uncrosslinkedpolymer shells were prepared using

a previously established seeded emulsion polymerization procedure[110]. Briefly, a standard emulsion
apparatus was utilized where 6.0 mg of sodium bicarbonate was added to 6.5 mL of deionized water
and charged to a clean, dry 3-neck round bottom flask. The solution was stirred at 350 rpm and 7.5
mL of the dialyzed PMMA seed particle suspension was added dropwise. The solution was bubbled
with nitrogen while continually stirring for 1 hour. The nitrogen atmosphere was maintained and
17 mg of SDS in 1.5 mL deionized water was added dropwise to the solution and the temperature
of the solution was increased to 30o C. The solution of shell monomers (20.0 mmol total monomers)
and 1-nonanethiol (1-NT)(chain transfer agent, 0.5 mol%) that had been previously sparged with
nitrgoen was added dropwise to the solution. The solution was allowed to stir for 1 hour in order
to promote the swelling of seed particles with monomer before the temperature of the solution was
increased to 70o C. A solution of 16.0 mg of potassium persulfate (KPS) in 2.0 mL deionized water
was added to the solution and the polymerization was allowed to run for 2 hours.

4.3.4

Synthesis of 2-(9H-carbazol-9-yl)ethyl methacrylate (MMAK)
The synthesis of MMAK is described elsewhere[129]. Briefly, 9H-carbazole-9-ethanol (15 g,

71 mmol) was dissolved in dichloromethane (50 mL). Triethylamine (12.4 mL, 89 mmol) was added
and the reaction mixture was allowed to stir in an ice bath for 30 min. Methacryloyl chloride (8.7
mL, 89 mmol) was slowly added over a period of 10 min. Afterwards, the ice bath was removed and
the mixture was allowed to stir at room temperature for 2 h. The reaction mixture was then washed
with water and brine; the resulting organic phase was dried over anhydrous sodium sulfate. The
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organic layer was then filtered and dried under reverse pressure. The product was then reprecipitated
in methanol 3-4 times and dried in a vacuum oven at 70 o C. Yield: 17.8 g (90%). Melting point:
86 o C. MS (m/z; [M+ ]) for C18 H17 NO2 : 279 (calc. 279). 1 H NMR (CDCl3 ): 8.13 (d, 2H), 7.47 (m,
4H), 7.26 (m, 2H), 5.94 (s, 1H), 5.48 (s, 1H), 4.63 (t, 2H), 4.55 (t, 2H), 1.82, (s, 3H).

4.3.5

Carbazole homopolymers
Carbazole homopolymer were prepared using a previously established polymerization procedure[129].

Briefly, polymerizations utilizing were carried out in rubber septa sealed test tubes immersed in an
oil bath at 60 o C. The polymerizations typically included 2 g of monomer, 2 mg of azobisisobutyronitrile (AIBN) as initiator, and 4 mL of dry, HPLC grade THF. The mixtures were sparged with
nitrogen for ca. 1 min prior to being immersed in the oil bath to remove oxygen. The polymerizations were continually stirred and were allowed to proceed until the viscosity of the mixture caused
the magentic stir bar to stop rotating; which took ca. 48 h. The mixtures were removed from the oil
bath, diluted with an additional 5 mL of THF when cool, and then precipitated into cold methanol
to remove any unreacted monomers (confirmed by1 H NMR spectroscopy). The polymers were dried
overnight in a vacuum oven at 60 o C prior to being ananylzed.

4.3.6

9-(3-Azidopropyl)-9H-carbazole (AC)
The synthesis of AC is described elsewhere[99]. Briefly, a mixture of 3-(9H-carbazol-9-

yl)propyl methanesulfonate (2) (1.96 g, 6.46 mmol) and sodium azide (0.46 g, 7.14 mmol) in
dimethylformamide (25 mL) was heated and stirred at 90 o C for 4 h. After cooling to room temperature, the mixture was quenched with water and extracted with dichloromethane. The organic
solution was washed with water, dried with Na2 SO4 and filtered. The solvent was removed under
reduced pressure to give the clear-brown oil, which was purified by flash chromatography (10% ethyl
acetate/hexane; Rf (1/4) 0.4). A clear-yellow oil was obtained. Yield: 1.34 g (82%).

1

H NMR

(CDCl3 ) 2.13 (m, 2H, J 6.5, 6.2), 3.30 (t, 2H, J 6.2), 4.42 (t, 2H, J 6.5), 7.24 (m, 2H), 7.41-7.50 (m,
4H), 8.10 (d, 2H, J 7.6).

13

C NMR (CDCl3 , 75.6 MHz) d 28.3, 39.8, 48.8, 108.6, 119.2, 120.6, 123.1,

126.0, 140.4. EI-Mass (m/z; rel. intensity%) 251 (M+1 ; 5), 250 (M+ ; 35), 194 (12), 180 (100), 167
(65), 152 (46), 139 (21).
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4.3.7

Core-shell particles functionalized with AC via CuAAC
The attachment of AC to the core-shell using CuAAC was developed from a previously

established procedure[110]. Briefly, 1 mL of core-shell particles is added dropwise to a stirring
solution of 0.1p mmoles of azide, 5.50 mg sodium ascorbate (27.98 µmoles) and 1.35 mg of copper(II)
sulfate pentahydrate (5.60 µmoles) in 6 mL of deionized water. The reaction was allowed to run
for 48 hours at which point it was diluted with 7 mL of deionized water. The clicked core-shell
suspensions were cleaned via sedimentation and redispersion until there was no PL signature for AC
found in two consecutive washes.

4.3.8

Characterization methods.
Particle size was measured using a Coulter N4 Plus dynamic light scattering (DLS) ana-

lyzer. A Jobin-Yvon Fluorlog FL-3-22/Tau-3 spectrofluorometer was utilized for photoluminescence
spectroscopy. 1 H and

13

C NMR spectra were recorded on JEOL ECX-300 spectrometers (300MHz

for proton and 76MHz for carbon). Chemical shifts for protons are reported in parts per million
downfield from tetramethylsilane and are referenced to residual protium in the NMR solvent (CDCl3 :
δ 7.26 ppm. Chemical shifts for carbons are reported in parts per million downfield from tetramethylsilane and are referenced to the carbon resonances of the solvent (CDCl3 : δ 77.16. Coupling
constants are reported in Hertz (Hz). LC/MS mass spectra were obtained using Finnigan LCQ
spectrometer and HP 1100 (HPLC).

4.4
4.4.1

Results & Discussion
Excimer formation in methacrylated carbazole homopolymers.
Partial and complete overlap of two carbazole units is readily identified by photolumines-

cence (PL) spectroscopy. The traditional carbazole PL signature has monomeric peaks at ca. 351
and 367 nm respectively as well as a shoulder centered at 382 nm when excited with a wavelength
of 290 nm. When carbazole units slightly overlap a peak can be seen at 410 nm or if they completely overlap, a peak at 430 nm. These excimer peaks require the carbazole units to be in close
enough proximity in order for the overlap to occur and is distinguishable when comparing dilute to
concentrated carbazole materials or solutions.

65

Figure 4.1: Photoluminescence spectroscopy of methacrylated carbazole homopolymers that contained 2, 3 and
4 carbons between the carbazole unit and the methacrylate repeat unit on the polymer backbone. The aliphatic
spacer needed to be greater than 2 carbons in order to allow enough freedom for the carbazole units to overlap with
a neighboring carbazole to generate low energy excimers.

Intermolecular distance between carbazole units is essential for exciplex formation and there
are several factors that can influence this spacing. Comparatively, intramolecular distance between
pendant carbazole units in a polymer chain have a similar impact on carbazole dimer formation. Figure 4.1 displays three different methacrylated carbazole homopolymers as seen by PL spectroscopy.
The solutions were excited at 290 nm with the polymers dissolved in THF at dilute (1 microgram/mL) concentrations to minimize intermolecular interactions. The polymers only differ in the
number of carbons that attach the carbazole to the polymer backbone where n represents the number
of carbons in the aliphatic spacer.
For the homopolymer with n = 2, a typical PL spectra for carbazole monomer is seen. This
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indicates that there is not enough mobility for the pendant carbazole groups to align themselves
with neighboring units to form low energy excimer peaks. By increasing the aliphatic linkage by
just one carbon (n = 3), small shoulders around 410 and 435 nm can be resolved indicating the
presence of carbazole dimers. The excimers are more significant in the n = 4 spectra which suggests
that increasing the spacing even further between the polymer backbone and carbazole groups could
increase the amount of excimer formation. However, increasing the number of carbons in aliphatic
chain is more likely to lead to agglomeration of carbazole units and was avoided for the purpose of
this study.

4.4.2

Excimer formation in core-shell particles clicked with carbazole.
In order to evaluate and control the amount of quenching seen in particles, it would be

ideal to limit the amount of carbazole that is incorporated into the bulk of the particles. Since
standard emulsion polymerization techniques does not afford the control required to minimize and
limit the amount of carbazole to the colloidal surface; a core-shell particle approach that exploits
click chemsitry is utilized. To evaluate the interactions of the carabzole units at the partcile surface,
an azide-modified carbazole with an alipahtic spacer (n =3) was selected so that intermolecular
overlap could occur if available.
With the introduction of a series of reactions known as click chemistry by Sharpless in
2001[182]; researchers have been able to functionalize particle surfaces with many new compounds
while having greater reaction control and producing higher yields. Of particular interest to scientists
in the colloidal field is the copper(I)-catalyzed azide alkyne cycloaddition (CuAAC) since it can
be performed in water at moderate conditions and is still high yielding[202]. CuAAC has been
established as an efficient means to modify the surfaces of aqueous, colloidal suspensions to produce
optically active particles[45, 99, 110].
Core-shell particles were created through a two-stage emulsion polymerization in order to
create a thin (ca. 10 nm) thermoplastic shell that contained terminal alkynes from propargyl acrylate. These alkynes are covalently attached to azide-modified carbazole (AC) in order to produce
particles with optically active carbazole units at the surface. The amount of propargyl acrylate in
the shell polymer was limited in order to reduce the grafting density of carbazole and minimize the
amount of intramolecular excimer formation. The core-shell click approach allowed for the efficient
post-functionalization of cleaned and characterized particles with the desired amount of carbazole.
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Figure 4.2: Core-shell particles with different ratios of shell polymer repeat untis to carbazole units (100:1, 50:1
and 33:1 RU:K) that are functionalized with AC using CuAAC. The density of carbazole in the 100:1 RU:K polymer
shell was not sufficient to produce excimer emission, however; both the 50:1 and 33:1 RU:K shell polymers exhibited
excimer formation. The thermoplastic nature of the shell allowed for deeper functionalization and greater freedom of
mobility of the carbazole units which led to overlapping with other nearby carbazoles.

Figure 4.2 shows the PL spectra of carbazole functionalized core-shell particles excited
with 290 nm wavelength light and having different ratios of polymer repeat units to carbazole in
the shell. The particle suspensions were cleaned via centrifugation until the diluent showed no
photoluminescent presence of carbazole. The 100:1 repeat unit to carbazole (RU:K) shell clicked
with AC shows a similar signature to the traditional PL spectra for carbazole with peaks at ca.
353 and 366 nm and a shoulder centered around 384 nm. The minute presence of low energy
excimer peaks indicates that the amount of carbazole on the thermoplastic shell was unable to
produce significant intermolecular carbazole overlapping, however; small shoulders are noticeable.
In contrast, the loading of carbazole on the core-shell particles for both the 50:1 and 33:1 RU:K
shells were sufficient enough for substantial excimer formation leading to discernable peaks centered
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around ca. 410 and 432 nm respectively.
Only small amounts of AC were incorporated on to the core-shell particles which still produced excimer formation, suggesting that dimers must be forming between carbazoles from different
polymer chains. At a ratio of 33:1 repeat units to carabzole, ther average distance between neighboring carbazoles is too great to see significant interaction. The thermoplastic nature of the polymer
shell affords two key explanations to this trend: 1) the shell allows for deeper attachment of AC
using CuAAC which increases the probability of carbazole interaction and 2) the shell polymers have
more mobility than if they were crosslinked, allowing the carbazoles enough freedom to interact with
each where they may not have otherwise. The importance of using CuAAC to post-functionalize
the core-shell particles should not be understated as well. The ease at which the vast majority of
alkyne units in the polymer shell are functionalized with the azide modified carbazole is favorable
to attempting to copolymerize a thermoplastic shell containing carbazole monomer using emulsion
polymerization.
The morphological restraint of the alkyne units in the core-shell particle did not inhibit high
click reaction yield; however, it did greatly affect the photoluminescent response of the carbazole
units after being attached. An increase in the PA concentration in the colloidal polymer shell
resulted in an increase in excimer peaks seen in the PL spectra. Since excimer formation requires
the momentary interaction of two molecules, increasing the density of the interacting molecules can
directly increase the excimer emission intensity unless the excimer emission itself is quenched[198].
Comparatively, when the polymer shell is removed from the particle surface and analyzed by itself
in solution, no low energy peaks are seen.

4.4.3

Dequenching of carbazole excimer photluminescence.
Carbazole dimers were freed by releasing the thermoplastic polymers from the particle sur-

face by either 1) continuous sedimentation and solvent exchange or 2) adding tetrahydrofuran (THF)
as a co-solvent to the aqueous, core-shell particle suspension. The latter method provided a pathway
to monitor the dissolving and removal of AC-functionalized shell polymers while the first process
was the most efficient to separate the crosslinked PMMA cores from the thermoplastic shells. The
sedimented particles and dissolved shell polymers were dried and then re-dissolved/re-suspended in
THF at a concentration of 1 µg per mL.
Figure 4.3 combines the PL spectra of all of the carbazole functionalized materials used
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Figure 4.3: All of the carbazole functionalized materials used in the study inlcuding: 3-(9H-carbazol-9-yl)propyl
methacrylate, poly(3-(9H-carbazol-9-yl)propyl methacrylate), core-shell particles (33:1 RU:K) and the 33:1 RU:K
polymer shells removed from the core particles. Each material contained a 3 carbon spacer between the carbazole
and methacrylate on the polymer backbone. When trapped in the shell on the core-shell particles, the carbazole
was sterically restricted to two-dimensional space and looked to form low energy dimers by aligning with neighboring
carbazole units. When the shell polymers were freed from the particle surface into three-dimensional space, the
excimer emission disappears and the monomeric emission of carbazole is realized.

in this study which each contain a three carbon aliphatic spacer. Photoluminescence spectroscopy
was carried out on the AC small molecule, a homopolymer of a methacrylated carbazole monomer,
core-shell particles clicked with AC and the subsequently removed and dissolved polymer shell. A
significant difference between the AC chromophore and the methacrylated carbazole homopolymer
spectra is noted. As mentioned previously, the homopolymer spectra exhibits strong excimer peaks
due to intramolecular overlapping of carbazole untis on the polymer chain. These low energy excimer
peaks are not found in the spectra for AC since it has little to no interaction with interaction with
other carbazole units in dilute solutions.
The core-shell particles (33:1 repeat unit to carbazole) also exhibit the low energy excimer
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peaks although they are to a slightly lesser extent than the carbazole homopoylmer. Despite having
substantially fewer carbazole units, the core-shell particles exhinited excimer peaks that were as
noteworthy as the homopolymer. This suggests that the amount of intermolecular excimer formation
in the shell of the core-shell particles in comparable to the intramolecular excimer formation seen in
the carbazole homopolymer. By controlling the number of click capable sites on the polymer shell,
a wide range of excimer intensities could be selected based on a given need.
When the carbazole functionalized shell is removed and measured, all signs of excimer
formation disappear from the PL spectra. This is further confirmation that the excimer peaks seen
from the core-shell particles are due to restriction of carbazole units in the polymer shell leading to
interchain interaction. The polymer shell would have still displayed excimer peaks if they were due
to overlapping carbazole units from the same chain. By freeing the thermoplastic shell polymers
from the core-shell particles, the carbazole excimer photluminesnce is dequenched and the traditional
carbazole emission is realized.

4.5

Conclusion
Carbazole units exhbited photoluminescent quenching by forming excimers if the carbazole

molecules are present in a density wherein intramolecular interactions were available. This density
threshold appeared to be significantly lower when the carbazoles are sterically trapped in the shell
of a core-shell particle with a thermoplastic shell. The thermoplastic nature of the shell allowed the
carbazoles enough freedom to interact with nearby carbazoles while restricting the shell polymers to
the surface of the particle. The carbazole excimer emission is dequenched when the shell polymers are
removed from the surface of the particles as this releases the carbazoles from their steric restrictions
on the particle surface. This methodology could be useful for biological sensors as the ability to
monitor the quenching and dequenching of chromophores on the surface of particles could be easily
be achieved.
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4.7

Supplementary Information

Figure 4.4: The chemical structures of the methacrylated monomers used in this study. The variation in the
monomers is in the alipahtic spacer between the carbazole and methacrylate units which gives rise to different photophysical properties when the monomers are homopolymerized.
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Figure 4.5: Typical NMR of shell polymers after being removed from the surface of the PMMA core particles. The
peak at 4.67 ppm is the CH2 in propargyl acrylate and the peak at 3.60 ppm is the CH3 in methyl acrylate. The
peaks are integrated and the ratio is used to determine the amount of each comonomer in the shell polymers.
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Figure 4.6: PL spectra of core-shell particles with a 33:1 repeat unit to carbazole ratio over a series of dilutions
with THF. Increasing the concentration of THF swells the shell polymers on the surface of the particles which causes
the intensity of the excimer peaks at 410 nm and 430 nm to decrease (inset presents a closer look at the excimer
emissions). After the particle suspension reaches a 20 (v/v)% THF concentration the monomeric carbazole emission
is realized indicating the carbazoles in the polymers shells are no longer able to interact to form excimers.
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Chapter 5

Conclusions
5.1

Summary
The objective of this dissertation was to construct core-shell colloidal particles

with a thermoplastic shell containing alkyne units for CuAAC; establish a method to
remove the thermoplastic shell for characterization; measure their optical and thermodynamic properties; and discover further applications with this particle morphology.
To this end, ca. 130 nm core-shell particles with a thermoplastic shell are surface-functionalized with
optically active moieties via CuAAC. The thermoplastic nature of the shell allows the shell polymers
to be removed and characterized using standard polymer characterization techniques. The core-shell
particles are useful as both a diagnostic tool for the analysis of surface chemistry and photophysics,
as well as a functional ink in R2R printing applications that has the potential for inline processing.
The results of this dissertation are summarized below and indicate the efficiency of the core-shell
particles as a diagnostic tool and a printable, functional ink:
(1) Seeded emulsion polymerization of a soluble shell with a controlled alkyne surface density
(cf. Chapter 2); conclusions drawn from this work include:
• Core-shell particles were created with a crosslinked PS core coated with a ca. 10 nm uncrosslinked poly(methyl acrylate-co-propargyl acrylate) shell.
• A chain transfer agent (CTA) was used during the shell polymerization and reduced the shell
molecular weight and branching of propargyl acrylate. Polymer shells using CTA indicated
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glass transitions being up to 10 o C lower than CTA-free shells.
• The core-shell particles were functionalized using CuAAC with an azide-terminated PEG which
resulted in a ca. 13 % increase in the observed particle diameters by DLS and a moderate
decreases in the absolute value of the ζ-potential.
• The core-shell particles were functionalized using CuAAC with a fluorescent poloxamer, composed of a central hydrophobic PPG chain flanked by two hydrophilic PEG chains. The
resulting fluorescent particles had an absorbance at 413 nm and peak emission at 525 nm.
• The thermoplastic shells were removed from the particles by suspending & sonicating the
coated particles in THF and collecting the crosslinked cores through centrifugation. GPC on
CuAAC functionalized shells showed an increase in molecular weight and broader PDIs.
• Conductometric titrations were performed and found that the shells have approximately 8,800
available alkynes on their surface, resulting in a maximum grafting density of 0.12 groups/nm2
for the PA3% core-shell particles. Further conductometric titrations found that azPEG had
utilized ca. 90 % of the available alkyne sites on the core-shell particles.
(2) Click functionalization of thin films fabricated by roll-to-roll printing of thermoplastic/thermoset core-shell colloids (cf. Chapter 3); conclusions drawn from this work include:
• Core-shell particles were created with a crosslinked PS core coated with a thin uncrosslinked
co- or terpolymer shell comprised of varying amounts of methyl acrylate, styrene and propargyl
acrylate.
• Monomer conversion and particle diameter were monitored during the shell polymerization
and revealed that shell polymers with a higher concentration of styrene had higher monomer
conversion, and thus larger particle diameters.
• A thin film assessment was performed on the various core-shell particles using spin-coated films
and found that the Sty96 PA4 core-shell particles formed the most consistent films. They also
had the most desirable properties to use for R2R printing: higher PA content in shell, higher
shell Tg and the best monodispersity.
• Core-shell particles were R2R printed on PET using a proofer with a gravure head and custom
flexographic printing plates. The printed films were allowed to anneal for 4 hours in an oven
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approximately 10 o C higher than measured Tg of the shell, which in most cases yielded a more
durable film.
• R2R printed films with Sty96 PA4 core-shell particles were functionalized with FAz using
CuAAC by submersing the films in the click solution. The “dip-click” reaction was allowed to
proceed for 24 hours and found that ca. 67% of available alkynes were functionalized in the
first hour of the reaction when compared to the full 24 hours.
(3) Morphological dependent excimer emission of carbazole functionalized core-shell particles
with a thermoplastic shell (cf. Chapter 4); conclusions drawn from this work include:
• Excimer emission is seen in methacrylated carbazole homopolymers if the aliphatic spacer
between the carbazole and methacrylate is greater than two carbons.
• Core-shell particles were created with a crosslinked PMMA core coated with an uncrosslinked
poly(methyl acrylate-co-propargyl acrylate) shell.
• The core-shell particles were functionalized with AC using CuAAC and the particles were
analyzed with PL spectroscopy. The density of carbazole in the 100:1 RU:K polymer shell
was not sufficient to produce excimer emission, however; both the 50:1 and 33:1 RU:K shell
polymers exhibited excimer formation. The thermoplastic nature of the shell allowed for
deeper functionalization and greater freedom of mobility of the carbazole units which led to
overlapping with other nearby carbazoles.
• The shell polymers from the 33:1 RU:K particles were removed and analyzed by PL spectroscopy. The carbazoles were sterically restricted to two-dimensional space on the particle
surface and looked to form low energy dimers by aligning with neighboring carbazole units.
When the shell was freed from the particle surface into three-dimensional space, the excimer
emission disappeared and the monomeric emission of carbazole was realized.
• A similar dequenching can be seen in situ when diluting the core-shell particle suspension
with THF. Increasing the concentration of THF swells the shell polymers on the surface of the
particles which caused the intensity of the excimer peaks at 410 nm and 430 nm to decrease.
At 20 (v/v)% THF concentration the monomeric carbazole emission was realized indicating
the carbazoles in the polymers shells were no longer able to interact to form excimers.
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5.2

Recommendations for future research
The results discussed in this dissertation establish that the methodology of building core-

shell particles with a thermoplastic polymer shell containing CuAAC capable functional groups is
a viable technique for tailoring the surface of nanoparticles. The robustness of seeded emulsion
polyerimazation and the modular nature of CuAAC offers a pathway to numerous combinatons of
particles and functionalization that can be selected based on specific applications. Firstly, seeded
emulsion polymerization can be exploited to make core-shell particles with cellulose nanocrystals
(CNC) as the seed material. Cellulose is the most abundant, renewable, natural polymer and
the naturally occuring nanocrystals found in cellulose has received significant interest due to their
mechanical and chemical properties. The focus of most of the CNC research is on improving the
dispersability of CNC in aqueous and organic solvents so that they can be used in standard industrial
applications. By using a seeded emulsion polymeriation, the shell polymer can be tailored to contain
CuAAC capable groups in which further surface chemistry can be performed to aid in improving the
dispersibility of CNC. There is a pressing demand for biodegradable, biocompatible, and renewable
natural polymers like cellulose as “greener” alternatives to fossil fuel-based polymers.
Secondly, there is a need to exploit CuAAC in R2R printing techniques that has not been
realized yet. The ability to post-functionalize colloidal, polymeric thin films with an endless array of
functional materials is desirable for most printing processes. The results discussed in this dissertation
were for one “proof of concept” core-shell ink but different ink formulations could (and should) be
explored to see if they could improve the printed films. For starters, a functional ink that contains
more alkyne units for greater CuAAC functionalization should be assessed. The challenge with
incorporating more alkynes at the surface of the core-shell particles is that it inherently increases
the amount of branching of the shell polymer to the point where even a 5% PA shell can be entirely
crosslinked. A careful study should be performed to find the balance between functionality and
ability to form the robust, annealed films seen in this dissertation. Another opportunity would
be to pursue a small inline R2R printing process where the core-shell particles can be printed and
fucntionalized by CuAAC in a continuous process. The speed and ease of CuAAC has potential for
inline R2R printing where the “click” solution can be introduced on the printed films by another R2R
printing technique. It should also be noted that the originally printed, alkyne containing core-shell
particles could act as an adhesive for the next printed layer if the second ink was able to incorporate
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azides on its particle surface. The composition of the second ink would be selected based on the
desired application of the layered film.
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kinetik der additionen organischer azide an cc-mehrfachbindungen. European Journal of Inorganic Chemistry, 100(8):2494–2507, 1967.
[67] Vsevolod V Rostovtsev, Luke G Green, Valery V Fokin, and K Barry Sharpless. A stepwise huisgen cycloaddition process: copper (i)-catalyzed regioselective ligation of azides and
terminal alkynes. Angewandte Chemie, 114(14):2708–2711, 2002.
[68] Christian W Tornøe, Caspar Christensen, and Morten Meldal. Peptidotriazoles on solid
phase:[1, 2, 3]-triazoles by regiospecific copper (i)-catalyzed 1, 3-dipolar cycloadditions of
terminal alkynes to azides. The Journal of organic chemistry, 67(9):3057–3064, 2002.
[69] Jason E Hein and Valery V Fokin. Copper-catalyzed azide–alkyne cycloaddition (cuaac) and
beyond: new reactivity of copper (i) acetylides. Chemical Society Reviews, 39(4):1302–1315,
2010.
[70] Liyuan Liang and Didier Astruc. The copper (i)-catalyzed alkyne-azide cycloaddition
(cuaac)click reaction and its applications. an overview. Coordination Chemistry Reviews,
255(23-24):2933–2945, 2011.
[71] Morten Meldal. Polymer clicking by cuaac reactions. Macromolecular Rapid Communications,
29(12-13):1016–1051, 2008.
[72] Jean-François Lutz. 1, 3-dipolar cycloadditions of azides and alkynes: a universal ligation tool
in polymer and materials science. Angewandte Chemie International Edition, 46(7):1018–1025,
2007.
[73] Franck Amblard, Jong Hyun Cho, and Raymond F Schinazi. Cu (i)-catalyzed huisgen azidealkyne 1, 3-dipolar cycloaddition reaction in nucleoside, nucleotide, and oligonucleotide chemistry. Chemical reviews, 109(9):4207–4220, 2009.
[74] Richard A Evans. The rise of azide–alkyne 1, 3-dipolar clickcycloaddition and its application
to polymer science and surface modification. Australian Journal of Chemistry, 60(6):384–395,
2007.
[75] Maisie J Joralemon, Rachel K O’Reilly, Craig J Hawker, and Karen L Wooley. Shell clickcrosslinked (scc) nanoparticles: a new methodology for synthesis and orthogonal functionalization. Journal of the American Chemical Society, 127(48):16892–16899, 2005.
[76] Maisie J Joralemon, Rachel K O’Reilly, John B Matson, Anne K Nugent, Craig J Hawker, and
Karen L Wooley. Dendrimers clicked together divergently. Macromolecules, 38(13):5436–5443,
2005.
[77] Rachel K O’Reilly, Maisie J Joralemon, Karen L Wooley, and Craig J Hawker. Functionalization of micelles and shell cross-linked nanoparticles using click chemistry. Chemistry of
materials, 17(24):5976–5988, 2005.
95

[78] Rachel K O’Reilly, Maisie J Joralemon, Craig J Hawker, and Karen L Wooley. Facile syntheses
of surface-functionalized micelles and shell cross-linked nanoparticles. Journal of Polymer
Science Part A: Polymer Chemistry, 44(17):5203–5217, 2006.
[79] Rachel K O’Reilly, Maisie J Joralemon, Craig J Hawker, and Karen L Wooley. Fluorogenic
1, 3-dipolar cycloaddition within the hydrophobic core of a shell cross-linked nanoparticle.
Chemistry-A European Journal, 12(26):6776–6786, 2006.
[80] Rachel K Oreilly, Maisie J Joralemon, Craig J Hawker, and Karen L Wooley. Preparation of
orthogonally-functionalized core click cross-linked nanoparticles. New Journal of Chemistry,
31(5):718–724, 2007.
[81] Christopher J Ochs, Georgina K Such, Brigitte Stadler, and Frank Caruso. Low-fouling, biofunctionalized, and biodegradable click capsules. Biomacromolecules, 9(12):3389–3396, 2008.
[82] Georgina K Such, Elvira Tjipto, Almar Postma, Angus PR Johnston, and Frank Caruso.
Ultrathin, responsive polymer click capsules. Nano letters, 7(6):1706–1710, 2007.
[83] John F Quinn, Angus PR Johnston, Georgina K Such, Alexander N Zelikin, and Frank Caruso.
Next generation, sequentially assembled ultrathin films: beyond electrostatics. Chemical Society Reviews, 36(5):707–718, 2007.
[84] Huaming Li, Fuyong Cheng, Andy M Duft, and Alex Adronov. Functionalization of singlewalled carbon nanotubes with well-defined polystyrene by click coupling. Journal of the American Chemical Society, 127(41):14518–14524, 2005.
[85] Wolfgang H Binder, Dietrich Gloger, Harald Weinstabl, Günther Allmaier, and Ernst Pittenauer. Telechelic poly (n-isopropylacrylamides) via nitroxide-mediated controlled polymerization and click chemistry: Livingness and grafting-from methodology. Macromolecules,
40(9):3097–3107, 2007.
[86] Wolfgang H Binder, Robert Sachsenhofer, Christoph J Straif, and Ronald Zirbs. Surfacemodified nanoparticles via thermal and cu (i)-mediated click chemistry: generation of luminescent cdse nanoparticles with polar ligands guiding supramolecular recognition. Journal of
materials chemistry, 17(20):2125–2132, 2007.
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[126] Markus Hösel, Roar R Søndergaard, Mikkel Jørgensen, and Frederik C Krebs. Fast inline
roll-to-roll printing for indium-tin-oxide-free polymer solar cells using automatic registration.
Energy Technology, 1(1):102–107, 2013.
[127] Christopher F Huebner and Stephen H Foulger. Spectral tuning of conjugated polymer colloid
light-emitting diodes. Langmuir, 26(4):2945–2950, 2009.
[128] Christopher F. Huebner, Ryan D. Roeder, and Stephen H. Foulger. Nanoparticle electroluminescence: Controlling emission color through frster resonance energy transfer in hybrid
particles. Advanced Functional Materials, 19(22):3604–3609, 2009.
[129] D. D. Evanoff, J. B. Carroll, R. D. Roeder, Z. J. Hunt, J. R. Lawrence, and S. H. Foulger.
Poly(methyl methacrylate) copolymers containing pendant carbazole and oxadiazole moieties
for applications in single-layer organic light emitting devices. Journal of Polymer Science Part
A-Polymer Chemistry, 46:7882–7897, 2008.
[130] D. D Evanoff, Jr., J. R. Lawrence, C. F. Huebner, J. M. Houchins, B. J. Stevenson,
A. L. Foguth, J. B. Carroll, and S. H. Foulger. Copolymers of 2-(9H -carbazol-9-yl)ethyl
2-methylacrylate and 4-[5-(4-tert-butylphenyl)-1,3,4-oxadiazol-2-yl]phenyl 2-methylacrylate:
Correlating hole drift mobility and electronic structure calculations with electroluminescence.
ACS Applied Materials & Interfaces, 1:875–881, 2009.
[131] Parul Rungta, Volodymyr Tsyalkovsky, Christopher F Huebner, Yuriy P Bandera, and
Stephen H Foulger. Thermal aging of single-layer polymer light-emitting diodes composed
of a carbazole and oxadiazole containing copolymer doped with singlet or triplet emitters.
Synthetic Metals, 160(23-24):2486–2493, 2010.

99

[132] Bogdan Zdyrko, Yuriy Bandera, Volodymyr Tsyalkovsky, Christopher F Huebner, Jamie A
Shetzline, Parul Rungta, Ryan D Roeder, Charles Tonkin, Stephen E Creager, and Stephen H
Foulger. Rational design of methacrylate monomers containing oxadiazole moieties for singlelayer organic light emitting devices. Journal of Polymer Science Part B: Polymer Physics,
53(23):1663–1673, 2015.
[133] J Kido, H Shionoya, and K Nagai. Single-layer white light-emitting organic electroluminescent
devices based on dye-dispersed poly (n-vinylcarbazole). Applied Physics Letters, 67(16):2281–
2283, 1995.
[134] GE Johnson, KM McGrane, and M Stolka. Electroluminescence from single layer molecularly
doped polymer films. Pure and applied chemistry, 67(1):175–182, 1995.
[135] C Zhang, H Von Seggern, B Kraabel, H-W Schmidt, and AJ Heeger. Blue emission from
polymer light-emitting diodes using non-conjugated polymer blends with air-stable electrodes.
Synthetic Metals, 72(2):185–188, 1995.
[136] JB Birks. Excimers. Reports on progress in physics, 38(8):903, 1975.
[137] G. E. Johnson. Spectroscopic study of carbazole by photoselection. Journal of Physical Chemistry, 78:1512–1521, 1974.
[138] Yoshihiro Itoh, Tadao Yasue, Makoto Gouki, and Akira Hachimori. Quenching in the excited singlet state of amphiphilic copolymers with pendant carbazolylalkyl groups in aqueous
solution. Polymer, 37(24):5433–5437, 1996.
[139] Hui-Ting Mao, Chun-Xiu Zang, Guo-Gang Shan, Hai-Zhu Sun, Wen-Fa Xie, and Zhong-Min
Su. Achieving high performances of nondoped oleds using carbazole and diphenylphosphorylfunctionalized ir (iii) complexes as active components. Inorganic chemistry, 56(16):9979–9987,
2017.
[140] Eigirdas Skuodis, Ausra Tomkeviciene, Renji Reghu, Laura Peciulyte, Khrystyna Ivaniuk,
Dmytro Volyniuk, Oleksandr Bezvikonnyi, Gintautas Bagdziunas, Dalius Gudeika, and
Juozas V Grazulevicius. Oleds based on the emission of interface and bulk exciplexes formed
by cyano-substituted carbazole derivative. Dyes and Pigments, 139:795–807, 2017.
[141] Gyeong Woo Kim, Doo Ri Yang, Yong Cheol Kim, Hye In Yang, Jin Guo Fan, Choong-Hun
Lee, Kyu Yun Chai, and Jang Hyuk Kwon. Di (biphenyl) silane and carbazole based bipolar
host materials for highly efficient blue phosphorescent oleds. Dyes and Pigments, 136:8–16,
2017.
[142] Byungjin Cho, Sunghun Song, Yongsung Ji, Tae-Wook Kim, and Takhee Lee. Organic resistive memory devices: performance enhancement, integration, and advanced architectures.
Advanced Functional Materials, 21(15):2806–2829, 2011.
[143] Christopher F Huebner, Volodymyr Tsyalkovsky, Yuriy Bandera, Mary K Burdette, Jamie A
Shetzline, Charles Tonkin, Stephen E Creager, and Stephen H Foulger. Nonvolatile opticallyerased colloidal memristors. Nanoscale, 7(4):1270–1279, 2015.
[144] Bin Zhang, Yi-Liang Liu, Yu Chen, Koon-Gee Neoh, Yong-Xi Li, Chun-Xiang Zhu, Eng-Soon
Tok, and En-Tang Kang. Nonvolatile rewritable memory effects in graphene oxide functionalized by conjugated polymer containing fluorene and carbazole units. Chemistry-A European
Journal, 17(37):10304–10311, 2011.

100

[145] Yu Chen, Gang Liu, Cheng Wang, Wenbin Zhang, Run-Wei Li, and Luxing Wang. Polymer memristor for information storage and neuromorphic applications. Materials Horizons,
1(5):489–506, 2014.
[146] Tucker McFarlane, Bogdan Zdyrko, Yuriy Bandera, Deanna Worley, Oleksandr Klep, Marek
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